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Utilization  of  the  HF  portion  of  the  spectrum  has  long  been  recognized  as  a  useful 
and  economic  method  of  ach  eving  wide  distribution  of  energy  over  long  distances,  whether 
it  be  for  communications  or  other  purposes  Broad  area  surveillance  systems  are  being  con¬ 
templated  which  must  contend  with  problems  ranging  from  short  term  predictions  and  real 
time  freouency  management  to  clutter  backgrounds  and  noise  and  interference  variations. 
Although  satellite  communication  systems  will  replace  HF  in  some  areas  it  will  still  be 
retained  by  many  of  the  world  nations  for  point-to-point  transfer  of  information  and  by 
most  of  the  nations  for  shin  ar.d  aircraft  communications.  These  systems  will  depena 
heavily  on  accurate  predictions  and  new  technology  to  improve  circuit  availability  and 
reliability.  The  utility  of  HF  has  also  created  the  overall  problems  of  interference  and 
spectrum  crowding  and  it  is  anticipated  that  by  the  early  |980’s  spectrum  usage  will  be  a 
major  world  concern.  It  is  important,  therefore,  that  as  new  technology  evolves  which  will 
contribute  to  a  better  understanding  of  the  transmission  medium  that  it  be  readily  made 
available  to  all  potential  beneficiaries. 

The  purpose  of  this  symposium  was  to  transfer  information  on  the  state-of-the-knr>wledge 
of  HF  propagation  as  it  applies  to  communication,  surveillance,  and  oti.er  systems  contem¬ 
plated  or  presently  in  use  by  NATO  nations.  The  goal  was  to  foster  an  exchange  which  will 
allow  examination  of  requirement.  <m  assessment  of  capability  and,  wherever  poss  ble,  a 
definition  of  areas  where  additional  work  is  required. 
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EDITOR'S  COMMENTS 


The  primary  purpose  of  the  symposium  was  to  exchange  information  on  the  state  of 
the  knowledge  of  HF  propagation.  1'hat  purpose  was  successfully  accomplished  by  the  efforts 
of  the  program  committee  ard  session  chairmen  who  selected  ’.he  papers,  directed  their 
presentation  and  monitored  the  discussions. 

A  secondary  purpose  of  the  symposium  was  to  identify  areas  where  additional  effort 
is  required.  That  purpose  was  only  partially  saiisfied,  however,  it  should  be  noted  that  a 
working  group  on  HE  communications  has  been  formed  which  w  ill  survey  t*  e  c  urrent  use 
of  HE  in  NATO  nations  and  will  determine  future  1U  communications  requirements  lor 
NATO  m  both  a  primary  and  backup  mode.  Dr  Jules  \arons.  deputy  chairman  ot  EPP. 
will  chair  the  study  group  which  will  operate  for  the  next  JO  months.  It  is  hoped  that  the 
symposium  and  proceedings  will  be  useful  to  their  effort. 

These  proceedings  represent  a  compilation  of  the  papers  presented  at  the  symposium 
as  well  as  a  significant  amount  of  the  discussions  following  ea*h  presentation.  The  papers 
are  reproduced  from  copies  furnished  by  the  authors  The  discussions  published  at  the  end 
of  each  paper  are  not  verbatim  as  spoken  but  rather  more  concise  written  records  provided 
by  the  individuals  involved,  'n  some  instance  it  was  n-cessary  for  the  editor  to  extiact  and 
interpret  comments  from  the  taped  transcript  !  hope  that  1  have  been  accurate  and  apologize 
for  changes  in  meaning  that  may  have  resulted 

The  session  summaries  presented  lu rein  were  mostly  provided  by  ihe  session  chairmen 
listed  on  a  following  page  and  1  thank  them  foi  then  efforts 

I  wish  to  acknowledge  the  support  provided  !>v  the  EPP  Exec  .Use,  Lt  Colonel  John 
Catiller  and  his  secretary,  Madame  Tessier,  in  the  preparation  ot  these  proceedings  as  well 
as  the  support  provided  b>  Mrs  P.Yan  Dresar,  R\DC. 

Grateful  acknowledgment  is  extended  to  Dr  VS.Mendes  of  The  Instituto  Nacional 
de  Meteorologica  F  Geop.iystca,  Lisboa  for  his  efforts  toward  the  successful  accomplishment 
of  the  symposium. 
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SUMMARY  OF  SESSION  I 


OPERATIONAL  CONSIDERATIONS 


The  session  opened  with  a  review  of  airborne  communications  by  Dr  B.  Burgess,  (UK).  Following  a  historical 
introduction  the  current  techniques  employed  were  discussed  in  some  detail.  Attention  was  given  to  factors  which  affect 
the  system  performance  including  me  ionospheric  limitations.  Suggestions  were  then  presented  for  improving  the 
performance  Finally,  future  trends  in  the  general  field  of  airborne  communications  were  reviewed  and  the  advantages  of 
techniques  such  as  digital  communications,  channel  evaluations  etc,  emphasised. 

The  second  paper,  by  Dr  N.  Maslin,  was  presented  by  Mr  A.  May,  (UK)  and  was  concerned  with  the  assessment  of 
HF  communications  reliability.  It  was  shown  that  circuit  reliability  depends  on  two  important  parameters  ( 1 )  the  ratio  of 
the  operating  frequency  to  the  MUF  and  (2 )  the  ratio  of  the  received  to  required  signal-to-noise  ratio  It  was  demonstrated 
that  when  *hese  parameters  are  optimized  by  correct  frequency  management  appreciable  impiovement  in  system 
performance  can  be  achieved. 

The  next  paper,  by  Mr  Brune  and  Ricciardi  (US),  was  presented  by  Mr  Ricciardi  and  dealt  with  the  problems  of 
communications  with  low  flying  aircraft,  and  with  helicopters  in  particular  The  talk  emphasised  the  difficult  operational 
conditions  which  are  experienced  in  this  type  of  communications  activity.  The  results  of  field  trials  \.ere  considered, 
problem  areas  identified  and  solutions  postulated. 

In  Dr  Fenwick’s  paper  on  ‘Real-Time  Adaptive  HF  Frequency  Management’  the  problem  of  optimum  utilization  of 
the  HF  frequency  band  was  addressed.  By  use  of  a  Chirp  sounder  and  a  spectrum-monitoring  system  it  was 
experimentally  .-.hown  that  real-time  information  of  propagation  and  channel  occupancy  allowed  sharing  of  the  HF 
spectrum  with  ail  acceptable  minimum  of  interference.  This  would  be  of  particular  interest  to  the  tactical  communicator 
with  a  high-priority  requirement 

Dr  Maslin's  paper  on  ’HF  Communications  With  Small  Low-Flying  Aircraft’  gave  an  application  of  his  earher  paper 
on  HF  communications  reliability  to  this  short-sample  communications  requirement.  He  showed  that  this  type  of 
communications  gives  very  poor  reliability  if  direct  communications  is  required  and  arises  from  both  propagation 
limitations  and  aircraft  antenna  performance.  The  use  of  long  range  propagation  to  distant  HF  relay  stations  is 
recommended  and  shows  major  increases  m  reliability  of  th-  HF  link  and  ease  in  frequency  management  problems. 

Dr  Damboldt  urew  attention  to  the  day-to-day  variability  of  the  ionosphere  which  has  an  appreciable  influence  on 
the  performance  of  HF  communications  systems.  By  noting  the  time  at  which  signals  from  a  distant  transmitter  are  first 
received,  a  measure  of  the  MUF  can  be  obtained.  These  ‘transition  times’  allow  a  measure  of  ionospheric  vanability  on  a 
day  to  day  basis. 

An  interesting  paper  on  ‘The  Augumentation  of  HF  Propagation’  was  given  by  Mr  Barrett.  Here  em  thasis  was 
placed  on  the  use  of  chemical  releases  in  the  ionosphere  to  create  an  enhanced  ionized  reflection  region  m  order  to  allow 
communication  at  certain  critical  times,  i.e.,  at  times  of  high-altitude  nuclear  explosions.  Evidence  was  given  to  show  that 
communiea’  ons  over  wide  geographical  areas  could  be  achieved  by  the  appropriate  chemical  releases  it  a  small  number  of 
locations  in  say  the  NATO  area. 

The  session  closed  with  a  paper  by,  Dr  Millman,  which  drew  the  conferences  attention  to  the  influence  that  the 
troposphere  can  play  m  extending  somewhat  the  range  of  HF  propagation  due  to  the  refractive  nature  of  the  lower 
atmosphere.  Applications  to  radar  and  communications  system  were  mentioned  and  showed  that  to  a  first-order, 
tropospheric  effects  are  negligible. 
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SUMMARY 


HF  radio  is  a  prime  means  for  beyond  line-of-sight  air-ground  communications  and  will  remain  as  such 
into  the  foreseeable  future,  complementing  Satellite  communications  where  this  latter  system  is  employed. 

This  paper  will  review  various  aspects  that  make  up  an  HF  communications  system  and  the  contribution 
that  they  make  to  the  overall  system  performance.  Consideration  will  be  given  to  the  needs  of  the  modern 
user  in  the  use  of  HF  communications,  emphasising  the  changing  requirements  on  the  HF  link  that  for 
example,  the  use  of  digital  communications  brings.  Such  aspects  as  error  rate  performance,  avoidance  of 
interference,  HF  prediction  techniques  for  Northern  latitudes,  role  of  channel  evaluation  techniques  etc 
will  be  addressed. 

The  aim  of  the  paper  is  to  acquaint  the  research  worker  with  the  status  and  trends  in  airborne  HF 
communications  and  to  indicate  where  further  work  may  profitably  be  undertaken  to  eventually  improve  sytem 
performance. 

1.  INTRODUCTION 

Airborne  communications  goes  back  to  almost  the  start  of  flying.  Wireless  had  been  tried  out  in 
airships  and  aircraft  for  some  time  before  the  First  World  Viter;  in  the  UK  the  Royal  liiginecrs  and  Marconi 
had  carried  out  experiments  on  what  is  now  parf  of  the  RAE  airfield  at  FVamborough.  During  that  war 
wireless  was  used  more  extensively  in  aircraft  than  in  the  forward  areas  of  the  Western  Front.  These 
wireless  sets  operated  on  frequencies  in  *he  HF  band  and  used  long  wire  antennas  that  were  trailed  from 
the  aircraft  (Ref  1).  Whilst  not  strictly  HF,  this  form  of  communications  underlined  the  importance  that 
the  wireless/radio  has  played  in  flying  from  its  inception.  Prior  to  World  War  II,  communications  with 
iircraft  was  almost  entirely  by  HF,  and  commonly  employed  band  operated  morse.  However  it  is  of  interest 
to  note  that  as  early  as  1928  the  first  trials  of  voice  air-ground  communications  were  being  made  in  the 
USA  and  in  that  country  there  was  no  transition  from  morse  to  voice  in  airborne  communications  l Ref  ?). 

It  was  World  War  II  that  saw  the  development  fad  introduction  of  VHF  for  airborne  communications  (Ref  19). 

This  was  employed  for  the  control  of  fighter  aircraft  during  the  Battle  of  Br.  in  and  the  end  of  the  war 

saw  VHF  in  general  use  in  the  allied  air  fleets  with  longer  term  plans  to  go  to  the  225-'-* 00  MHz  band.  As 
of  today  the  VHF  band,  118-136  MHz,  is  used  for  Civil  Air  Traffic  Control  communications  and  the 
225-hOO  MHz  UHF  band  for  military  air-ground  communications.  These  frequency  bands  arc  of  course  const  amed 
by  line-of-sight  (los)  propagation  and  any  communication  link  to  the  aircraft  at  ranges  beyond  line-of-sight 
(bios)  required  the  use  of  HF  frequencies. 

It  is  interesting  to  note  that  just  after  the  end  of  World  War  II,  before  VHF  Air  Traffic  Control 
communications  were  fully  implemented,  air  to  ground  communications  were  conducted  using  frequencies 
between  3  and  6  MHz  and  ground  to  air  communications  at  about  300  kHz.  Using  these  frequencies  comments 
such  as  "Why  can  we  hear  the  broadcast  bands  loud  and  clear  but  ATC  communications  is  terrible?"  were 
conon ,  and  where  air  to  ground  communications  ranges  of  about  50  km  were  desired,  communications  were 
often  found  to  be  very  poor,  whereas  the  ground  station  could  receive  distance  stations  (>1000  km)  loud 
and  clear.  These  problems,  typical  of  airborne  HF  communications,  will  be  returned  to  later  m  the  napcr. 

In  the  early  1%0s  with  the  emergence  of  satellite  communications,  the  possibility  of  high  quality 

communications  for  bios  ranges  was  with  us.  While  air-ground  communications  via  satellites  has  been 
demonstrated  (Ref  3).  with  superior  quality  to  HF,  it  is  still  not,  in  the  late  1970s,  evident  in  aircraft 
use  except  in  a  few  special  applications.  It  is  noteworthy  that  the  AEROSAT  programme  which  was  launched 
in  the  early  1970s  for  Air  Traffic  Control  use  over  the  North  Atlantic  has  now  been  abandoned.  Oie  of  the 
main  reasons  for  this  state  is  the  cost  of  satellite  communications,  including  its  airborne  installation. 

Thus,  until  the  day  arrives  in  the  near  future  when  satellite  communications  for  aircraft  is  viable,  HF 
will  remain  the  primary  means  of  bios  communications,  due  mainly  to  its  lower  coot  and  free  provision  b.v 
nature  of  a  reflecting  region  in  the  upper  atmosphere,  albeit  an  imperfect  one. 

Since  HF  communications  for  aircraft  will  remain  with  us  into  the  foreseeable  future,  and  more  demand¬ 
ing  requirements  will  be  sought  by  the  users,  it  is  appropriate  to  review  the  use  of  HF  in  current  airborne 
systems  and  its  role  in  future  systems;  also  what  the  problem  areas  are  and  what  measures  can  be  taken  to 
improve  the  current  systems. 

2.  CURRfjrr  USES  AND  PERFORMANCE 

In  considering  the  use  and  performances  of  HF  communication  syst-  ms  for  aeronautical  purposes  it  is 
convenient  to  categorize  the  usage  into  en-route  and  off-route  applications.  An  en-route  usage  can  be 
exemplified  by  civil  aircraft  flying  the  North  Atlantic  route  between  Europe  and  North  America.  The 
routes  are  laid  down  geographically  and  most  flights  are  scheduled.  The  aircraft  need  to  communicate  over 
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long  ranges  by  HF  ami  this  is  undertaken  in  order  to  give  positional  information  at  certain  times,  or 
times  of  crossing  certain  longitudes,  and  also  such  information  as  estimated  time-of-arrival,  fuel  state, 
airfield  diversion  etc.  These  messages  from  the  aircraft  are  relatively  short  and  usually  require  a 
short  acknowledgement  from  the  ground.  If  the  information  does  not  got  through  first  time  but  takes  say 
ten  minutes  or  so,  this  is  usually  acceptable. 

Hie  Communications  frequencies  to  be  used,  both  primary  and  secondary,  are  provided  at  crew  briefing 
and  because  the  tracks  flown  are  well  charted,  past  experience  helps  a  great  deal  in  achieving  reliable 
communications.  Overall  such  communications  is  relatively  satisfactory,  but  of  course  problems  occur 
during  ionospheric  disturbances.  For  long  transport  routes  in  temperate  and  lower  latitudes,  high 
availability  and  reliability  is  usally  achieved. 

On  the  other  hand  when  one  considers  off-route  usage,  a  different  picture  can  emerge.  Take  a 
military  aircraft  flying  on  a  route  that  is  not  regularly  used;  it  may  be  a  large  aircraft  with  a  crew 
which  may  or  may  not  include  a  specialist  radio  operator,  or  a  high  performance  aircraft  with  only  a  one 
or  two  man  crew  who  use  the  radio  as  a  tool.  In  these  cases  it  could  be  that  the  aircraft  does  not  wish 
to  transmit  unless  it  is  essential,  but  that  when  it  does,  the  response  of  the  con-ur.icatxon  system  must 
be  highly  reliable  and  quick.  Die  choice  of  the  correct  frequency  is  in  this  case  important.  As  an 
example  take  an  aircraft  operating  to  the  North  of  the  OK  in  summer  1977  and  wishing  to  communicate  with 
a  base  in  Southern  England.  Figure  1  indicates  the  frequency  that  should  be  used  depending  on  time  of 
dsy  and  distance  from  the  base.  Che  could  easily  require  up  to  8  frequencies  for  a  typical  sortie.  As 
Wright  (Ref  4)  indicates  communications  in  this  environment  has  proved  to  be  difficult  and  improvements 
are  needed. 

Hie  above  remarkc  have  implied  that  speech  is  the  normal  mode  of  communications.  This  is  the  case 
in  Civil  aircraft  where  the  use  of  the  radio  operator  aboard  airliners  has  been  eliminated.  Military 
aircraft  however  do  operate  other  modes  besides  speech.  Morse  is  still  a  fall  back  position  where  a 
crew  member  has  this  skill;  also  radio  teletypes  (RATT)  operating  at  low  speed  data  rates  are  in  use 
in  some  Air  Fbrces  where  security  is  a  requirement. 

Future  requirements  where  security  of  speech  transmissions  and  an  BCCM  capability  are  deemed  desir¬ 
able  indicate  a  trend  towards  higher  speed  digital  transmissions  (up  to  2.4  kb/s)  and  the  use  of  advanced 
modulation  and  coding  techniques  in  HF  communications  (Ref  5)> 

3.  FACTORS  GOVERNING  PERFORMANCE 

In  order  to  gain  an  insight  into  the  performance  of  aircraft  communications  systems  it  is  necessary 
to  look  in  6one  detail  at  such  an  air-ground  link  and  highlight  areas  where  there  are  deficiencies  in  the 
system  and  possibly  indicate  improvements.  Consider  Figure  2  which  gives  in  block  form  the  components  of 
a  communications  system.  At  the  outset  it  is  important  to  appreciate  the  difference  between  a  mobile 
air-ground  circuit  and  a  poit.t-to-point  or  broadcast  circuit.  On  a  point-to-point  circuit  advantage  can 
be  designed  to  give  azimuthal  and  some  elevation  gain  or  directivity.  This  is  not  possible  in  the  military 
aeromobil-  case  where  a  low  gain  antenna  is  usually  employed  in  order  to  cover  the  wide  geographic  area 
where  the  aircraft  is  likely  to  fly.  Currently  adaptive  antenna  arrays  have  not  been  used  to  select  the 
optimum  bean  for  communications  with  the  mobile.  In  the  case  of  transmissions  from  the  aircraft,  no  gain 
is  possible  from  the  aircraft  antenna;  in  fact  the  efficiency  of  the  aircraft  antenna  can  be  very  low 
(vide  Reference  6).  Ch  antenna  gain  alone  some  20  dB  or  rore  is  lost  to  the  mobile  compared  with  the 
fixed  user. 

Turning  to  the  transmitter,  fixed  and  broadcasting  services  use  powers  often  in  excess  of  10  kW  and'  usu¬ 
ally  in  the  hundreds  of  kb  range.  Aircraft  power  and  weight  restrictions  limit  the  power  output  of  airborne 
HF  transceivers  to  a  maximum  of  1  h.W,  thus  giving  a  deficit  of  the  order  of  20  dB  on  transmitter  power. 

These  factors  alone  give  some  indication  of  why  the  early  users  queried  why  their  communications  were  so 
poor  compared  with  the  broadcast  bands. 

Haslin  (Ref  7)  has  considered  these  factors  in  detail  in  assessing  HF  bios  airborne  communications 
reliability  and  the  reader  is  referred  to  this  paper  for  a  consideration  of  the  relative  importance  of 
the  system  parameters. 

Two  environmental  factors  that  are  significantly  different  for  the  aeromobile  user  and  have  to  be 
taken  into  account  under  certain  conditions  are  (1)  the  aircraft  cockpit  noise  level  and  (2)  the  level 
and  nature  of  interference  in  the  aeromobile  bands.  For  high  performance  aircraft  the  acoustic  noise 
that  is  generated  in  the  cockpit  is  extremely  high  and  even  with  flying  helmets  the  noise  occlusion  is 
not  sufficient  to  enable  a  good  dynamic  range  for  the  audio  output  to  give  high  quality  speech  intelligibility. 

Regarding  the  radio  interference  in  the  aeromobile  bands  it  has  been  found  (Ref  8)  that  this  is  very 
jf ten  of  a  narrow  band  nature,  indicating  that,  for  example,  an  FSK  radio  teletype  signal,  which  uses 
two  tones  in  the  3  kHz  bandwidth,  can  be  strongly  interfered  with,  but  if  these  tones  were  moved  to  another 
spot  in  the  ?  kHz  audio  band,  no  interference  would  be  observed.  This  fact  gives  a  possibility  of  improve¬ 
ments  to  thin  type  of  transmission. 

If  we  look  to  the  possible  use  of  2.4  kb/s  transmissions  of  data  over  HF  links,  the  ionosphere  has 
proved  to  be  a  limiting  factor  in  the  design  of  an  ufficient  modem  (modulation/denodulator).  Due  mainly 
to  multipath  effects  a  serin]  bit  rate  of  the  order  of  100  b/s  is  an  upper  limit  to  avoid  excessive  error 
due  to  time  diapers:. in.  Thus  in  a  3  kHz  bandwidth  multiple  tones  have  to  be  used  in  order  to  ootain  bit 
rates  of  the  order  oi  2400.  Frequency  dispersion  in  the  ionosphere  also  puts  a  bound  on  tie  minimum  spac¬ 
ing  of  the  tones.  Vincent  et  al  (Ref  9)  enow  that  under  these  tine  and  freqv<ency  dispersion  conditions,  1 
increasing  the  Gigsal/nt  '.so  ratio  vnile  improving  the  error  rate  performance  up  to  a  certain  level,  does 
not  give  improvements  at  higher  levels,  the  dispersion  effect  often  limiting  the  error  rate  to  relatively 
high  values. 
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Over  the  past  20  years  •  number  of  modem  designs  have  been  tested  to  see  if  they  will  successfully 
combat  ionospheric  dispersion  and  variability.  Of  att  mpts,  such  as  Kathryn,  Andeft,  Adapticoa  and 
Kir.eplex  (Ref  10),  only  Kineplex  has  entered  service  on  point-to-point  circuits.  Recent  approaches  U6ir,g 
coding  (Refs  11  and  12)  as  well  as  complex  modulation  schemes  look  promising,  but  experimental  validation 
of  these  techniques  coupled  with  an  economic  solution  to  the  cost  of  these  complex  modems  will  ue  needed 
before  they  are  likely  to  be  used. 


If  such  techniques  as  those  above  are  used  to  try  and  combat  ionospheric  effects  care  lias  to  be 
taken  in  the  airborne  environment  to  also  design  tie  modems  to  take  account  of  the  doppler  effect  introduced 
by  the  motion  of  the  aircraft.  For  small  high  performance  aircraft,  doppler  shifts  of  the  order  of  tens 
of  Hertz  can  easily  be  achieved  and  the  tone  filters  used  in  raultitone  modems  have  to  either  accomodate 
this  shift  of  have  compensating  circuits  desijrned  in  order  not  to  suffer  loss  of  performance. 
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HF  Communications  with  aircraft  flying  on  off-route  schedules  is  difficult  for  a  number  of  reasons 
eo  outlined  above.  This  is  the  case  even  though  it  has  been  assumed  that  prediction  techniques  have  been 
used  to  select  '.he  optimum  frequency  of  transmission  and  also  that  sufficient,  equipment  is  available  to 
u'ilise  cue  range  of  frequencies  that  are  predicted  for  optimum  use.  A  case  can  be  made  out  for  improving 
prediction  techniques  b;  limiting  the  geographic  extent  ">f  the  napping  of  ionospheric  parameters  that  are 
used  in  these  piediction  programmes.  For  example  higher  accuracy  could  accrue  for  operations  in  MW  Europe 
by  limiting  the  napping  to  that  area  instead  of  using  world- .ride  maps.  In  the  context  of  Northern  Europe 
prediction  techniques  have  been  lacking  in  covering  northern  latitudes  where  auroral  activity  is  evident. 
Recent  work  by  Brad’ey  and  Rapiano  (Ref  13)  have  addressed  this  problem  but  more  work  is  reeded  to  achieve 
better  prediction  meihods  on  a  world-wide  basis  (Ref  14).  What  is  recommended  here  is  a  family  of  pro¬ 
cedures  that  would  cater  for  needs  between  the  highest  accuracy  us.ng  large  computers  and  those  only  employ¬ 
ing  hand  held  calculators  with  a  consequent  reduction  in  accuracy. 

For  shorter  ranges  of  communication  (30-500  km)  in  the  case  of  small  high  performance  aircraft,  where 
the  aircraft  antenna  efficiency  pieys  a  major  role  m  the  system  performance,  Haslin  (Ref  15)  has  shown 
that  good  frequency  management,  coupled  with  the  use  of  < 1)  directive  antennas  on  the  ground  and  (2)  a 
number  of  geographically  separated  l emote  receiving  stations,  are  vital  to  the  provision  of  satisfactory 
communications. 

Worn  in  the  UK  over  the  past  several  years  (Ref  2)  has  shown  that  a  dominant  cause  for  degradation  to 
HF  communications  in  the  aeromotile  band  has  been  narrow  band  interference  from  other  legitmate  users  of 
the  allocated  frequencies.  This  is  particularly  the  case  for  two  tone  FEK  low  speed  data  transmissions 
(75  b/c).  Interference  statistics  show  that  conditions  at  either  end  of  the  link  arc  uncorrelated  and  hence 
if  one  is  to  choose  tne  best  frequency  from  an  interference  point  of  view  then  information  on  the  inter¬ 
ference  characteristics  at  the  receiving  end  of  the  link  needs  to  be  provided  to  the  transmitting  terminal. 
Tins  can  be  achieved  by  monitoring  the  interference  statistics  at  the  reception  point  on  the  frequencies 
allocated  for  communications  and  transmitting  this  on  a  broadcast  basic,  to  all  users.  The  user  can  then 
choose  the  propagating  frequencies  that  indicates  the  best  signal  to  interference  level  that  would  be 
received  at  the  reception  point.  Sloggett  (Ref  16)  has  shown  that  the  error  rote  performance  of  a  ?5  b/s 
transmission  can  be  very  significantly  improved  by  (1)  choosing  the  tone  pair  in  the  3  kHz  baseband  giving 
the  least  interference;  (2)  using  directional  antennas  and  (3)  employing  error  detection  and  correction 
techniques.  The  percentage  of  error  free  messages  on  a  2000  km  link  in  Northern  Europe  was  improved  from 
20-40(o  to  80-95'/  using  these  teclmiques.  A  real  time  channel  estimation  (RTCE)  technique  such  as  described 
above  shows  promise  of  optimising  the  performance  of  HF  circuits  for  mobile  applications  and  ensuring  that 
their  reliability  is  acceptably  high.  RTCE  system  of  the  type  described  above  have  also  been  proposed  by 
Darnell  (Ref  17)  and  Canadian  agencies  (Ref  18). 

As  mentioned  earlier  in  the  paper  the  aircraft  antenna  can  be  a  source  of  major  system  degradation. 
Particular  attention  must  be  paid  to  its  design  to  ensure  that  an  optimum  performance  is  achieved.  For 
small  aircraft  this  mav  well  be  the  limiting  factor  in  p  system  design  and  could  well  preclude  the  use 
of  HF  for  certain  operational  uses,  eg  in  helicopters. 

5.  FUTURE  TRENDS 


In  both  Civil  and  Military  applications  there  has  been  a  move  to  pass  information  in  digital  form. 

Sensors  in  aircraft  have  beer,  evolvin':  so  that  their  output  it-  in  digital  form  and  in  format!  jii  passed  to 

ground  terminals  is,  those  days,  most  conveniently  handled  in  digital  formats.  Information  sent  through 

HF  communications  links  will  be  no  exception.  Concepts  of  data  links  for  passing  information  from  civil 

airlines  for  Air  Traffic  Control  purposes  have  been  discussed  over  the  past  10  years  or  so.  In  military 

circles  secure  voice  requirements  indicates  digital  radio  transmissions.  At  HF  this  implies  data  rates 

of  2.4  kb/s.  Higher  bit  rates  would  give  better  speech  quality  from  the  speech  synthesis  aspect,  but 

channel  bandwidth  considerations  indicate  that  around  2.4  kb/s  data  rates  are  the  highest  that  can  be  , 

tolerated  in  3  kHz  channel.  Ac  discussed  earlier  the  design  of  2.4  kb/s  modems  to  achieve  satisfactory 

transmissions  of  the  bit  rate  over  HF  channels  nas  not  yet  been  solved  satisfactorily  and  the  airborne 

environment  will  put  extra  constraints  on  the  modems  performance. 

Ince  (Ref  5)  in  his  paper  has  indicated  that  the  military  will  pay  increasing  attention  to  BCCM 
aspects  of  communications.  HF  will  need  to  be  protected  and  complex  modulation  schemes  involving 
frequency  hopping  and  spread  spectrum  techniques  will  need  to  be  addressed.  Consideration  of  the  propaga¬ 
tion  medium  to  determine  whether  these  forms  of  wide  bandwidth  modulation  techniques  are  transmitted 
with  fidelity  will  have  to  be  studied.  For  example  is  there  a  limit  to  the  bandwidth  that  can  be  used 
and  does  the  medium  support  one  type  of  modulation  better  than  any  other?  These  techniques  will  tend 
to  be  implemented  digitally  and  hence  time  and  frequency  dispersion  effects  on  error  rates  become  of 
prime  importance. 

A  question  that  is  raised  when  considering  predictions  ia:  can  one  predict  the  »rror  rate 
performance  of  systems  under  different  ionospheric  conditions?  Is  this  tne  right  question  to  ask  or 
should  one  rely  on  simulating  the  medium  and  the  system  to  measure  its  performance?  i 

1 

- - - - 1 


1.  DICKSOH,  D.  A.,  1979,  "Wireless  in  World  War  I  Aircraft",  Journal  of  the  Royal  Signals Institution, 
XXV,  42. 


2.  WHITE,  F.  C.,  1973,  "Air-Ground  Communications:  History  and  Expectations",  IEEE  Trans  Comm  21,  398-407. 

3.  BASHES,  G.  W.,  HIRST,  D. ,  JAMES.  D.  J.,  1971,  "Chirp  Modulation  Systems  in  Aeronautical  Satellites", 

AGARD  Conference  Proceedings  No  87,  Paper  30. 

4.  WRIGHT,  P.  J.,  1968,  "RAF  Coastal  Command  Maritime  Air-Ground  Communications  to  and  from  Auroral 
Region",  Ionospheric  Radio  Communications  (Plenum  Press),  260-262. 

5.  INCE,  A.  N.,  1978,  "FV  and  NATO  Communications”,  Signal,  p66-73. 

6.  PAVEY,  N.  A.  D. ,  1973,  "Radiation  Cliaracteristics  of  HF  Notch  Aerials  Installed  in  Small  Aircraft", 

AGARD  Conference  Proceedings  No  139* 

7.  KASLIN ,  N.  H.,  1979,  "Assessment  of  HF  Communications  Reliability",  AuARD  Conference  Proceedings. 

(To  be  published). 

8.  GQTT,  G.  F. ,  CTANIFORTH,  M.  J.  D. ,  1978,  "Characteristics  of  interfering  Signals  in  Aeronautical 
HF  Voice  Channels",  Proc  1EE  125,  1208-1212. 


9.  VINCENT,  W.  S. ,  DALY,  R.  F. ,  SIFPORD,  B.  H. ,  1968,  "Modelling  Communications  Systems",  Ionospheric 
Radio  Communications,  321-340  (Plenum  Press). 

10.  GOLDBERG,  B- ,  1966,  "300  kHz-30  MHz  MF/HF",  IEEE  Trans  Comm  Tech  14,  767-784. 

11.  CHASE,  D. ,  1973  "A  Combined  Coding  and  Modulation  Approach  for  Communications  over  Dispersive  Channels", 
IEEE  Trans  Comms,  21,  159-174. 

12.  BELLO,  P.  A.,  1978,  "A  Review  of  Signal  Processing  for  Scatter  Communications",  AGARD  Conference 
Proceedings  No  244,  paper  27. 

13.  CCIR,  1978,  "Second  CC1R  Computer  Based  Interim  Method  for  Estimating  Sky-wave  Field  Strength  and 
Transmission  Loss  at  Frequencies  between  2  and  30  MHz",  Draft  Supplement  to  Report  252/2,  Submission 

to  XIV  Plenary  Assembly,  Kyoto. 

14.  BRADLEY,  P.  A.,  1978,  "Development  .n  Techniques  for  Predicting  HF  Sky-wave  Field  Strengths",  AGARD 
Conference  Proceedings  No  238,  Paper  10. 

15.  MASLIN,  N.  M-,  1979  "HF  Communications  to  Small  Low  Flying  Aircraft",  AGARD  Conference  Proceedings. 

(To  be  published). 

16.  SLOGGETT,  D.  R. ,  1979  "Improving  the  Reliability  of  HF  Data  Transmissions",  IEE  Colloquium  Digest 
1979/48  (Recent  Advances  in  HF  Communications  Systems  and  Techniques)  pp  74-78. 

17.  DARNELL,  M. ,  1975,  "Channel  Estimation  Techniques  for  HF  Communications",  AGARD  Conference  Proceedings 
Ho  173,  Paper  16. 

18.  STEVENS,  E.  E. ,  1963,  "The  CIIBC  Sounding  System",  Ionospheric  Radio  Communications  (Plenum  Press) 
359-369. 

19.  GATES,  B.  G.,  1947,  "Aeronautical  Communications",  Journal  IEE  94,  pt  III  A,  No  11,  p78-80. 


5685  kHz 


6725  kHz 


8975  kHz 


!U78  kHz 


l  15036  kHz 

6725  kHz  11178  kHz  13234  kHz  15036  kHz  J  or 

l  13234  kHz 


5685  kHz  8975  kHz  11178  kHz 


13234  kHz 


8975  kHz 


13234  kHz 


11178  kHz 


8975  kHz 


6725  kHz 


Degrees  of  latitude 

Pig.  1  ItF  frequencies  for  communication  with  Cove  experimental  radio  station  during  May, 
June,  July,  August  1(>77  over  paths  S7°N  to  80“N 


AIRCRAFT 

TERMINAL 


NOISE 


GROUND 

TERMINAL 


MODEM 


TRAFFIC 


PROPAGATION 

EFFECTS 

INTERFERENCE , 


ACOUSTIC 

NOISE 


RECEIVER 


DEMODULATOR 


TRANSMITTER 


MODULATOR 


TRAFFIC 


Fig. 2  Air-ground  communications  link 


2-6 


DISCUSSION 


E.  Lampert.  Ge 

It  is  appreciated  that  there  is  ,<n  operational  necessity  of  providing  ECM-resistant  links  in  HF  However,  considering 
the  spectral  occupancy  cl  the  band  and  restricted  RF-bandwidth  because  of  the  necessity  of  turning  from  a 
theoretical  anti-jamming  margin  of  about  0  to  6dB  nothing  will  be  left.  Could  you  therefore  comment  on  whether 
there  is  a  real  chance  of  getting  ECCM  equipment  for  HF  in  the  near  future? 

Author’s  Reply 

As  mentioned  in  the  paper,  frequency -agile  systems  g>ve  some  ECCM  capability  and  there  will  be  constraints  on  the 
system  imposed  by  vehicular  and  medium  characteristics,  for  example,  in  aircraft  the  HF  antenna  can  be  a  high-Q 
device  with  a  limited  bandwidth,  for  transmission  purposes  The  technology  for  giving  ar.  ECCM  capability  is  with 
i.s  today,  the  question  that  needs  to  be  addressed  is,  as  in  normal  HF  communications,  what  is  its  “reliability'’0 
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SUMMARY 

HF  (2-30  MHz)  radio  communication  is  a  principal  means  of  beyond  line  of  sight  communication  to 
aircraft.  There  are  particularly  serious  problems  for  the  small  aircraft.  Many  factors  degrade  the  over¬ 
all  received  signal-to-roise  ratio  both  at  the  ground  and  in  the  aircraft.  To  achieve  satisfactory  results, 
careful  consideration  should  be  given  not  only  to  tne  terminal  radio  equipment  but  also  to  the  long  term 
geographic  planning  and  to  the  management  of  the  frequencies  to  be  used  over  mobile  HF  links. 

The  worst  HF  communication  problems  occur  for  a  short  range  air-ground  sky-wave  link  at  night  which 
requires  frequencies  at  the  low  end  of  the  HF  band.  Working  over  a  longer  range  link  increases  the  'optimum 
uorking  frequency' ,  chus  avoiding  the  poor  aatenna  efficiencies  and  generally  reducing  external  noise 
levels. 

It  is  shown  that  good  frequency  management,  ground  antenna  directivity  and  the  use  of  a  number  of 
geographically  separated  remote  receiving  “tations  are  vital  in  providing  satisfactory  communications 
reliability  to  the  snail  aircraft. 


1  INTRODUCTION 

HF  (2-30  MHz)  radio  communication  is  an  important,  and  in  some  cases  the  only  means  of  beyond  line  of 
sight  communication  to  aircraft.  Diurnal  ionospheric  variations  necessitate  the  use  of  a  number  of  fre¬ 
quencies  over  a  24  hour  period  and  different  propagation  modes  are  utilized  according  to  the  range. 

There  are  particularly  serious  problems  for  a  small  aircraft,  whose  physical  size  is  much  less  than 
the  wavelength  in  the  lower  part  of  the  HF  band.  Constraints  are  placed  upon  the  aircraft  antenna  con¬ 
figuration  so  that  its  efficiency  may  be  degraded;  radiation  patterns  aie  obtained  that  may  not  be  suited 
to  the  propagation  mode.  The  transmitter  power  is  limited  (to  about  400  W  peak  envelope  power)  and  serious 
excess  noise,  both  acoustical  and  electrical,  may  be  present  in  the  aircraft..  High  levels  of  external  man¬ 
made  noise  and  interference  may  also  be  experienced  in  the  receive  mode.  The  aircraft  height  may  give  rise 
to  additional  multipath  propagation  mechanisms,  wnilst  its  speed  may  cause  Doppler  friquency  shifts.  All 
these  factors  degrade  the  overall  received  signal-to-noise  ratio  both  at  the  ground  and  in  the  aircraft. 

To  achieve  satisfactory  results,  careful  consideration  should  be  given  not  only  to  the  terminal  radio 
equipment  but  also  to  the  long-term  geographic  planning  and  to  the  management  of  the  frequencies  to  be  lsed 
over  mobile  HF  links. 

This  paper  attempts  to  quantify  the  problem  of  air-ground  and  ground -air  communications  reliability 
tor  the  small  aircraft,  to  pinpoint  sources  of  performance  uegradation,  ard  to  suggest  appiopriate  solu¬ 
tions  to  obtain  the  best  available  performance  for  such  a  communications  link.  The  most  difficult  HF 
communications  problems  occur  for  a  short  range  air-ground  sky-wave  link  at  night  wnich  requires  frequencies 
at  the  low  end  of  the  HF  band.  Working  over  a  longer  range  link  increases  the  'optimum  working  frequency', 
thus  avoiding  the  poor  antenna  efficiencies  and  generallv  reducing  external  noise  levels.  It  is  shown  that 
good  frequency  management,  ground  antenna  directivity  and  the  use  of  remote  receiving  stations  are  vital 
in  providing  satisfactory  communications  reliability  to  the  small  aircraft.- 

Although  effects  such  as  multipath  features,  time  and  frequency  dispersion,  change  ir  apparent  ail- 
craft  antenna  performance  due  to  ground  reflection,  uncertainties  in  the  aircraft  antenna  polarisation 
characteristics  ate  have  not  been  specifically  addressed,  it  is  believed  that  the  fundamental  principles 
of  communication  to  small  aircraft  have  been  established. 

2  THE  PROBLEM 

It  is  com- -on  experience  that  at  the  shorter  ranges  (50-500  km)  HF  communications  can  be  unreliable 
to  small  air:raft.  These  difficulties  arise  as  a  result  of  one  or  more  of  the  following: 

(a)  For  small  aircraft  the  antenna  efficiencies  are  poor  at  the  low  end  of  the  HF  band.  This  fact 
coupled  with  the  limited  available  transmitter  power  means  that  the  effective  radiated  power  is 
of  the  order  of  a  few  watts  or  less  at  these  frequencies. 

(b)  For  these  shorter  ranges,  the  sky-wave  mode  with  frequencies  in  the  range  2-6  MHz  must  often  be 
used..  It  is  at  these  frequencies  that  the  small  aircraft  has  poor  antenna  efficiencies..  The 
problem  is  particularly  acute  at  night  when  frequencies  at  tne  low  end  of  the  2-6  MHz  range 
must  be  used  and  where  aircraft  antenna  efficiency  is  very  poor. 

(c)  The  ground  station  antenna  system  often  has  inadequate  high  angle  (>45°)  coverage.  Moreover  the 
range  of  sky-wave  an-'’  -  of  elevation  to  be  covered,  together  with  the  vide  azimuthal  coverage 
required,  inhibits  .he  use  of  good  directive  antennas  on  the  around.. 
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(d)  The  rapid  variation  of  o;  tirauni  wo  -king  frequency  with  range  between  100-250  km  imposes  an 
aircrew  workload  which  is,  at  best,  unacceptable  and  at  worst,  unachievable  in  a  high 
performance  aircraft. 

(e)  Interference  is  high  at  night  in  the  2-6  MHz  band  as  propagation  conditions  restrict  tly.  se 
of  higher  frequencies  and  users  crowd  into  the  low  end  of  the  HF  band., 

(t)  Propagation  paths  in  the  auroral  regions  can  be  subject  to  extreme  attenuation  with  consequent 
conanunication  blackout, 

(g)  Electrical  and  acoustical  noise  generated  by  the  aircraft  can  be  very  troublesome,  parr.icularlv 
when  the  aircraft  operates  at  low  altitude. 

3  PARAMETERS  Of  THE  HI  LINK 

In  order  to  study  some  of  these  problems  it  is  necessary  to  calculate  the  received  signa’-to-noise 
ratio,  S/N  .  This  can  be  expressed  as 

S/N  «  P  +  G  -  L  -  V  +  !)  -  (kT)  -  F  -  B  (!) 

t  t  3 

where  che  terms  are  defined  as  follows  (logarithmic  units) 

Pt  transmitter  power  (dBW) 

(kT)  thermal  noise  power  density  (-204  dBW  per  Hz  at  300  K; 

L  path  loss  (dB) 

V  polarisation  mismatch  loss  (dB) 

Gt  transmitting  antenna  absolute  gain  with  respect  to  an  isotropic  antenna  (dB) 

D  receiving  antenna  directivity  factor  against  far  field  noise  (dB) 

B  receiver  bandwidth  (dB  Hz) 

Fa  effective  antenna  noise  power  factor  (dB)  whith  results  from  external  noise  power  avail  ible 

from  a  loss  free  antenna.  The  receiver  performance  is  taken  to  be  limited  jy  external  noise.- 

The  signal-to-noise  density  ratio  (dB)  (ie  the  signal-to-noise  ratio  in  a  I  Hz  b, ,’dwidth)  is  then 

S/N0  =  S/N  +  B  ,  (2) 

For  the  air-to-ground  link,  the  ava’lable  power  Pt  from  the  aircraft  transmitter  is  assumed  to  be  400  W 
pep.;  The  HF  prediction  program  (CCIR,  1974a;  HAYOON,  G.W,  et  al,  1976)  'Bluedeck'  was  -,sed  to  calculate 
the  path  loss  L  over  various  sky-wave  paths  and  Fa  was  assumed  to  be  governed  solely  by  atmospheric 
noise.  The  polarisation  mismatch  loss  factor  was  taken  to  be  constant  at  3  dB;  the  aircraft  antenna 
efficiency  and  hence  G[  is  a  function  of  the  carrier  wave  frequency  and  was  assumed  to  he  that  typical 
for  a  small  aircraft  (PAVEY,  N.A.D. ,  1973).  For  example  ihe  efficiencies  at  2,  5  MHz  are  typically  C.01Z 
and  \Z  respectively.; 

The  assumption  that  man-made  noise  and  interference  are  below  the  levels  of  armosDheiic  noise  ensures 
that  the  results  given  here  are  the  optimum  obtainable.  In  some  of  the  following  examples  difficulty  in 
communicating  is  experienced  even  under  ideal  conditions.  Hence  when  man-made  noise,  interference  and  air¬ 
craft  noise  problems  are  present,  satisfactory  communication  will  be  even  more  difficult  to  achieve. 

The  calculations  are  made  for  median  signal-to-noise  (S/N)  ratios.  The  CCIR  (CCIR,  1974b)  recommends 
S/N  ratios  of  15  dB  for  marginal  and  33  dB  for  good  commercial  quality  of  communications  with  HF  SSB  voice 
in  a  3  kHz  bandwidth.  This  corresponds  to  a  signal-to-noise  density  ratio,  S/Nq  ,  of  50  dB  for  marginal 
and  68  dB  for  good  conznercial  quality.  We  shall  work  t'n-oughout  in  terms  of  signal-to-r.oise  density 

ratios  sc  that  the  results  presentee  here  may  be  applied  to  ocher  modulation  modes.; 

To  illustrate  the  results  obtained,  a  number  of  widely  geographically  separated  locations  of  ground 
stations  have  been  considered;  these  aie  giver,  in  Table  1  and  are  designated  W,  X,  Y,  Z.  Although  the 

ranges  to  stations  Y  and  Z  are  similar  they  are  assumed  to  be  well  separated  in  latitude. 


Table  i 


Parameters  relevant  to  the  ground  stations 


Ground  station 

Rang"  (km) 

Classification 

W 

280 

Short  range 

X 

1200 

Medium  range 

Y 

2500 

Long  range 

2 

2200 

Long  range 

4  AIR-GROUND  LINK  PREDICTIONS 
4.1  Form  of  the  predictions 

The  predicted  median  signal-to-noise  ratios  for  three  sky-wave  circuits  are  given,  assuming  that 
atmospheric  noise  is  the  predominant  noise  source  at  the  receiver  site.  The  density  of  shading  in 
Figs  1  to  3  shows  increasing  values  of  received  signal -to-noisc  density  (S/Nq)  for  a  given  frequency  at 
a  specified  hour  of  the  day.  Because  S/i,  is  a  median  value,  the  achievement  of  a  given  criterion  gives 
a  communications  reliability  (MASLIN,  N.M.,  1978)  of  approximately  502.  Thus  cross  hatched  squares  in 


these  samples  indicate  B/Np  y  lines  ct  between  55  dB  and  ht*  viB.  S ‘u- y  show  that  SO*  ieii.iBii.tv  01 
greater  'would  he  produced  fot  a  JO  .  [t  si gna! -to-ne i kv  ynterion.  tills  is  equivalent  to  .SSB  voice  in  a 
>  kHz  bandwidth  with  S/Kq  *  SS  dB,  Wiiere  no  shading  is  shown  in  the  diagram  S.  Np  is  less  than  a'  dB; 
nSR  voice  transmissions  wool.!  at  best  Be  Bare!,  acceptable  under  these  conditions  and  •'ewsttcat  i‘”is  i"lia- 
bilitv  M.iu’.d  he  unacceptable. 

idle  Blithest  available  frequency  I'm  adeqnu..  onxmimcat  ion  at  a  jtiven  hour  is  taken  to  be  the  KOI 
lopt  uaum  riatfic'  frequency)  defined  here  as  : *■  1  'kv-w've  fiequencv  available  tor  sol  o f  she  time.  The 
lowest  usable  frequence  tLl'F)  depends  upon  the  required  S  Xp  ctiteriou,  ai.d  tims  on  improvement  Ml  the 

live!  of  -eceived  a ign.il  or  i  reduction  in  the  toiso  level  will  lower  the  i.''K.  The  FOT,  however,  is 

independent  of  S/Np  criteria,  hoi  up  only  a  function  IMASLIN,  N.M.,  !4?8)  of  the  pievulinp.  lonospheri- 

cond: f  tons .  '.’inch  in  turn  depend  upon  hour  of  the  da.1,  season  ot  the  Mar  and  sunspot  lumber. 

4..’  Short  lange  eonmuniv ation 

Klg  I  shows-  the  predicted  S/Np  ratios  ti  r  c  insimuv  at  ion  wifi  ground  station  W  during  !47t>,  a  low 
sunspot  (SSX'j  Muihe"  year  m!S).  It  should  be  'luted  that  comniuni.  ation  is  more  difficult  in  susiocr 
months  than  it;  v  i>.«r,  pattly  as  a  result  of  iut-iv»M'  atawspber  1.  noise  levels  at  the  gt nuud  station. 
Between  800  lion  n  and  l)f  00  hours  U  e  mainly  dusk-night -dawn'  the  S/ Np  ratio  does  not  leach  dB  tot 
any  an  .raft  position  at  anv  time  ot  war. 

•1.3  Medium  and  long  r3nge  conmunicat  ion 

Consider  now,  rangr  ■  o:  oesuunicat  tor.  greats  r  than  IU00  km.  figs  ..nd  1  snow  the  expected  S  Np 
ratio?  at  receiving  stations  X  and  V  tor  airc-aft  transmissions  m  the  tow  8  SN  vent.  The  following 
should  he  noted:- 

fi)  Between  .’000  hours  and  0a00  hours  the  S/Sp  rat  io  does  not  reach  55  dB  at  station  X 
for  any  time  of  year. 

(li)  For  t lie  long  range  link  ito  station  Y),  the  leeeived  S/Np  ratio  at  the  KOI  tends  t-  be 
greater  at  night  .- 

(iii)  Over  the  long  range  link  S/Np  values  for  the  davcime  tend  to  be  poo r . 

4.4  More  than  one  remote  station 

The  value  of  working  over  a  longer  range  lin\-  is  shown  schem.it  i.-ally  fot  a  c. uvent  tonal  groi.no 
station  in  Figs  4  to  b .  Fig  4  shows  the  r.axim' i.u  S  Np  obtainable  for  anv  treqmoey  for  a  given  hou-  of 
the  day  by  a  small  aircraft  transmitting  i.-  both  hign  i  100'  and  low  tls'  sun-pot  mtmbet  wars.;  fhe  shaded 
areas  show  reception  at  station  W  and  the  letters  X,  Y.  designate  the  remote  receiving  stations  of 
Tabic  I.  A  55  dB  S/Np  criterion  can  he  achieved  tei  a  large  percentage  ot  th-.1’  day  (see  Fig  5 1  b'  usuig 
these  longer  range  links.  If  ground  station  W  only  were  to  be  used  for  leeeption,  a  55  d>t  criterion 
would  be  achieved  for  only  a  small  percentage  of  the  ,av  m  winter  and  not  at  all  in  the  sumnsei  months. 

A  particularly  valuable  feature  of  using  move  li.io  .one  icmoiu  station  is  that  a  fairlv  constant  (to 
within  "-I0  dB)  S/N0  can  be  achieved  throughout  a  .’4  lour  period  provided  that  different  ground  stations 
are  utilized  at  different  times  of  day.-  Moreover  if  tie  rr-k'te  stations  ate  at  vat  ious  ranges  and  on 
different  bearings  from  the  aiicrati,  careful  planning  mull  virtually  eliminate  the  need  tor  frequency* 
changing . 

Fig  (>  demonstrates  the  consistency  of  frequency  for  a  given  range  and  pe-ioc.  ot  the  uav.  In  the 
winter  months  the  frequency  used  is  7.5  MHz  and  in  summer  4  or  10.4  Mil;  depending  upon  solar  activity. 

The  medium  range  link  (y|J00  km)  to  station  X  occupies  the  daylight  horns  and  the  longer  ranges  to 
stations  Y  and  ~  cover  the  difficult  dswn-.lusk  pei  iod  and  night-time  onditions  between  them,  as  a 
result  of  their  geographical  separation.  This  example  of  a  constant  frequency  can  be  compared  with  tig 
which  shows  the  effects  of  using  the  optimum  frequencies.  It  can  he  seen  that  only  a  few  dB  are  lo-t  In 
carefully  choosing  the  constant  frequency  and  utilizing  all  three  remote  stations.  Ibis  situation  would 
help  to  lelieve  aircrew  work  load  of  constantly  changing  frequencies*  Advantages  ot  the  longer  tango 
links  are  summarised  in  Table  J. 

4.5  Further  improvements  in  signal -to-noise 

The  result  of  introducing  a  10  dB  ground  directivity  is  effectively  to  reduce  the  55  dB  criterion  to 
45  d2.  Once  again  the  advantage  of  a  emote  station  is  apparent,  since  the  45  dB  criterion  is  achieved 
for  only  a  small  fraction  of  the  time  at  station  W  during  the  sunmer  months  (Fig  5). 

An  improvement  in  aircraft  antenna  efficiency  at  the  low  end  of  the  band  vJ-b  MHr)  can  enhance  the 
S/Nq  ratio  received  at  station  W  ,  although  it  still  does  not  offer  the  same  advantages  as  working  over 
the  longer  range  links.  Flight  trials  ( SUX1GF.TT ,  P.R.,  1475)  performed  by  RAF,  Farnborough  have  shown 
that  the  low  effective  radiated  power  from  a  small  Dominie  aircraft  at  the  low  nd  of  the  HF  band,  due  to 
poor  antenna  efficiency,  is  a  major  contributor  •  factor  to  the  unsatisfactory  air-ground  communications  at 
night. 


4.fr  HF  communications  reliability 

This  is  def.ned  as  the  fraction  of  days  that  successful  communica' ion  mav  be  expected  et  a  given  hour 
within  the  month  at  a  specific  operating  frequency.  A  detailed  discussion  of  HF  reliability  is  given  in  a 
companion  paper  (MASLIN,  N.M  ,  1474).  The  result  of  ligs  4  and  5  i-.  summarised  in  Fig  7  in  terms  of  the 
reliability  at  a  given  time  of  day.  The  advantages  of  the  suggested  improvement s  are  self-evident. 


Factors  connected  with  using  remote  ground  receiving  star  ions 


Requirement*  for  remote 
sea; ion  working 

Consequences  of  using  remote  stations 

r  ~ 

A 

Only  t requencies  above 

1 

Poor  aircraft  antenna  efficiencies  are  avoided 

'•?  MHr  are  required 

> 

Interference  is  reduced  at  night  since  lower  frequen¬ 
cies  aie  employed  by  other  users 

3 

Ground  antenna  size  is  reouccd 

B 

Antennas  require  only 

1 

Go^d  directivity  should  be  obtainable;  thus  noise  and 

narrow  azimuthal  beamwirith 

inte.feiimo  can  be  discriminated  against 

and  low  a'.gle  coverage 

Antenna  j i 'ering  techniques  are  not  necessarv 

c 

Aircraft  should  be  at  least 

1 

Frequency  changing  with  time  of  dav  is  not  necessary 

1000  km  from  remote 

a*>  often  as  tor  shorter  range  links 

stat ions 

Changes  m  aircraft  position  will  not  necessitate 
frequence  changing 

3 

For  aircraft  in  Northern  waters  reflection  of  signils 
in  auroral  regions  can  be  avoided 

D 

Two  or  three  remote 

1 

Whole  24  hour  period  can  be  covered  bv  using  ranges  of 

stations  ideally  required, 
with  adequate  geographical 

vi200  km  bv  day,  t?4C.l  km  by  night 

separation 

Frequency  dunging  can  o-  effectively  eliminated  bv 
careful  choice  of  ground  sut'nn  operation 

_ 

3 

Pilot  work-load  s  reduced  by  using  a  single  frequency 

4  (',R0'J’"1-AIR  UNK  PREDICTIONS 

5.1  iircraft  generated  noise 

Probably  the  roost  important  feature  of  the  ground-air  link  is  the  noise  environment  of  the  aircraft. 
All  aircraft  svateras  which  use  electrical  energy  are  likeiv  to  generate  unwanted  FM  energy,  and  this  may 
couple  into  the  aitcraft  radio  systems  and  degrade  their  performance  Conversely,  almost  every  aircrait 
radio  transmitter  generates  intense  EH  fields  which  raav  affect  other  avionic  systems,  including  installed 
radio  systems  operating  at  the  same  tin.-.  Coupling  mechanisms  between  an  interference  source  and  the  rest 
of  the  avionic  installation  mav  he  complicated;  interference  levels  are  affected  by  factors  such  as  design, 
practice  and  workmanship  of  the  avionic  installation,  imperfect  shielding  of  braided  coaxial  cables  and  the 
RF  attenuation  offered  by  the  aircraft  skin. 

At  HF  it  is  common  experience  that  the  noise  received  by  the  antenna  increases  3s  the  aircraft 
systems  are  progressively  switched  on,  but  little  quantitative  info. nation  seems  to  exist.  Accordingly 
the  following  approach  has  been  adopted  to  obtain  an  order-of-raagnitude  estimate  of  broadband  interference 
fields  in  the  vicinity  of  an  aircraft  HF  antenna. 

Specification  BS  3G  100  lays  (BSI,  !V73)  down  maximum  permissible  radiated  interference  limits  for 
equipment,  expressed  in  dB  relative  to  I  uVm*l .  These  limits  have  been  recalculated  as  dB  relative  to 
antenna  thermal  noise  power  ktoB  for  narrowband  and  broadband  interference.-  The  resulting  values  have  been 
taken  to  represent  the  F.M  field  levels  existing  inside  the  ..ircraft  from  all  of  the  installed  systems  and 
the  EM  fields  immediately  outside  the  aircraft  ssiu  have  be,  n  estimated  by  putting  the  hull  attenuation 
equal  to  30  dB. 

It  is  clear  that  in  a  study  of  ground-air  coranurio- » ions  reliability  more  detailed  information  is 
required  about  levels  of  aircraft  electrical  noise  so  chat  more  accurate  estimates,  tnan  those  possible  at 
oicsent,  may  he  made  of  the  noise  environment  in  the  aircraft. 

An  aircraft  in  flight  can  become  electrically  charged  by  the  influence  ot  electric  fields  in  the 
atmosphere,  bv  the  impact  upon  its  fuselage  of  both  charged  and  neutral  particles  and  by  ionization  in  its 
engine.  The  currents  which  flow  during  the  charging  and  subsequent  discharging  processes  radiate  and  con¬ 
tribute  a  component,  called  precipitation  static,  to  the  noise  power  received  by  an  antenna  on  the  aircraft 
In  unfavourable  circumstances  and  if  no  steps  are  taken  to  reduce  it,  the  intensity  of  precipitation  static' 
noise  can  exceed  the  intensity  of  the  noise  from  any  other  sources  in  the  HF  b3nc  ( C.RANV I Ll.K -GEORGE ,  P.A., 
SMITH,  B.G.,  ? 975 3 .  If  dischargers  are  fi.ted  to  the  aircraft,  however,  the  antenna  noise  figures  can  be 
reduced  bv  40  dB  to  60  dB.  l-nder  these  circumstances  the  radiated  interference,  reduced  by  the  appiopiiate 
value  o:  nil  attenuation,  is  the  dominant  noise  source.  This  is  shown  as  curve  H  in  Fig  8.  and  can  he 
compared  with  other  sources  of  noise  in  the  HF  band. 

5.2  Propagation  aspects 

Since  the  poor  aircraft  antenna  efficiencies  are  relatively  unimportant  in  the  receive  mode  (see 
Appendix)  it  is  ionospheric  absorption  that  is  the  most  important  .requenev  dependent  parameter  in  the  link 


This,  in  turn,  implies  that  frequency  management  is  relatively  more  important  than  for  the  ai  -ground  situ¬ 
ation.  It  is  assumed  that  the  transmitting  antenna  efficiencies  for  the  grouni  station  are  not  frequency 
dependent, 

5.3  Effective  radiated  power 

For  the  levels  of  noise  in  the  aircraft  assumed  here,  a  similar  calculation  to  those  performed  for 
the  air-ground  link  shows  that  a  I  kW  effective  radiated  power  from  the  ground  transmitter  is  not  adequate; 
10  kW  (40dSK)  would  be  more  suitable.-  Communication  would  still  be  difficult  during  the  daytime,  however, 
particularly  during  the  sunner  months.  Under  these  circumstances  50  dBW  would  be  more  appropriate.  For 
the  shorter  range  links  the  available  frequency  band  is  severely  limited  and  there  may  be  considerable  pro¬ 
blems  with  interfering  stations,  particularly  at  the  lower  end  of  the  HF  band.  For  the  longer  range  links 
the  available  frequency  band  is  wider  but  the  ionospheric  absorption  tends  to  be  stronger  for  a  given  fre¬ 
quency  due  to  the  increased  propagation  path  length. 

5.4  Communications  reliability 

Some  of  the  results  for  the  ground-air  link  can  be  summarised  in  Fig  9  which  shows  the  effect  of 
increasing  the  radiated  power  from  the  transmitter  at  station  X  .  It  is  clear  that  1  kW  (30  dFH)  does  not 
provide  adequate  communications  reliability  since  at  no  time  does  the  reliability  figure  reach  even  50%. 

An  appropriate  'operationally  acceptable'  figure  would  be  closer  to  80Z.  Under  these  circumstances  50  dBW 
of  radiated  power  is  generally  required.  This  implies  some  directional  gain  on  the  part  of  the  ground 
transmitting  antenna.- 

6  OTHER  ASPECTS  OF  REMOTE  TERMINAL  OPERATION 

6.1  Beamvidths  of  ground  station  antennas 


Table  3 

Requirements  for  ground  station  antenna  coverage 
(angles  m  degrees) 


Gxound  station 

_  . 

W 

X 

Y 

Minimum  elevation  angle 

10 

0 

0 

Maximum  elevation  angle 

60 

25 

17 

Elevation  beamwidth 

50 

25 

17 

Azimu«.nal  beamwidth 

.\0 

20 

10 

Gain  (dSi) 

13 

18 

23 

Table  3  shows  t^e  azimuthal  and  elevational  angles  and  beamwidths  required  to  accommodate  the  pre¬ 
dominant  propagation  modes,  using  different  remote  ground  stations  for  a  typical  flight  profile.  The 
achievable  gair  in  Table  3  is  taken  to  be 

Ct  =  30000/WHWy  (3) 

where  and  Vty  are  the  azimuthal  and  elevational  beamwidths.  Table  3  indicates  the  gain  which 

could  theoretically  be  achieved  by  concentrating  all  the  available  transmitter  power  into  the  appropriate 
anteni  a  beamwidths. 

Thus,  for  example,  the  required  beamwidth  coverage  from  station  Y  is  narrower  than  from  station  W  , 
and  an  extra  1C  dB  gain  should  be  possible  over  tnat  achievable  from  station  VI  This  snould  more  than 
offset  the  extra  ionospheric  absorption  which  the  longer  range  link  experiences. 

6.2  Operational  frequencies 

Ideally  the  optimum  tratfic  fi^quency  (FOT)  needs  to  be  continually  changed  because  of  the  varying 
range  of  the  aircraft.-  The  rate  ol  „'..ange  is  a  function  of  the  distance  from  the  aircraft  to  the  ground 
station  and  is  depenuent  upon  the  t'me  of  day.  This  is  illustrated  ir.  Fig  10  which  shows  the  percentage 
change  in  FOT  requi’ ed  for  communication  to  the  aircraft  flying  a  typical  mission.: 

The  advantage  of  the  longer  range  link  is  clear.  It  can  avoid  changing  the  FOT  over,  say,  a  two 
hour  flight.  For  ground  station  W  ,  however,  the  frequency  would  have  to  be  continually  changed  over  a 
wide  range  of  frequencies. - 

6.3  Auroral  effects 

Consider  an  aircraft  within  the  auroral  region,  which  extends  down  ta  about  60°N  in  Europe.  If 
station  Y  is  used  as  the  ground  station  then  the  reflection  area  of  a  one  hop  mode  might  be  around  50  N 
but  for  the  link  to  station  X  would  be  near  62  N .  An  advantage  may  therefore  be  obtained  by  working  ovet 
the  long  link,  thus  avoiding  the  troublesome  auroral  region,  (LIED,  F.,  1967). 

7  "ONCLUSIONS 

Ihe  worst  HF  communication  problems  for  a  small  aircraft  occur  over  a  short  range  sky-wave  link  at 
night  which  requires  trequencies  at  the  low  end  of  the  band,  where  transmitting  an.enna  efficiencies  are 
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very  poor.  Tne  only  satisfactory  solution  is  to  work  to  ground  stations  at  longer  ranges  to  permit  the  use 
of  sufficiently  high  operating  frequencies.  Good  antennas  are  required  at  the  ground  stations  since  the 
improved  signal-to-noise  ratios  that  can  result  from  the  use  of  directional  antenna  can  substantially 
increase  the  overall  link  reliability.  By  using  good  frequency  management  and  by  working  to  a  remote 
ground  station,  a  60Z  reliability  figure  is  achievable  under  average  propagation  conditions.  Good  ground 
antenna  directivity  can  substantially  improve  upon  this  figure. 

We  have  seen  that  the  use  of  longer  range  (> 1 000  km)  links  offers  the  following  advantages: 

(a)  Higher  frequencies  m  the  HF  band  can  be  used  since  the  MUF  is  greater  over  the  longer  link. 

The  resulting  increase  in  aircraft  antenna  efficiency  is  considerably  more  than  the  increased 
propagation  loss  due  to  increased  path  length. 

(b)  The  high  angle  coverage  requirements  of  the  ground  antenna  system  are  reduced.  Moreover  the 
range  of  elevation  and  azimuth  angles  to  be  covered  is  reduced,  making  directive  antenna 
systems  feasible.  Avoidance  of  the  usage  of  the  lower  HF  band  (<6  MHz)  reduces  antenna  dimen¬ 
sions  and  cost. 

(c)  Interference  is  reduced  at  night  since  lower  frequencies  are  employed  by  other  users. 

(d)  The  optimum  wrking  frequency  as  a  function  of  variation  in  position  of  the  aircraft  changes 
slowly.  The  aircrew  workload  of  frequency  chancing  becomes  acceptable  and  achievable. 

(e)  By  using  two  or  more  ground  stations  which  are  widely  separated  geographically,  frequency 
changing  can  often  be  eliminated  by  careful  choice  of  ground  station  operation.  The  chance  of 
communications  blackout  due  to  anomalous  propagation  conditions  is  considerably  reduced  by 
employing  this  extreme  spatial  diversity  scheme. 

(f)  For  aircraft  in  auioral  regions,  reflection  of  signals  ir.  regions  where  auroral  absorption 
occurs  can  be  avoided  by  using  longer  links..  The  possibility  of  communications  failure  is 
reduced. 

In  the  ground-air  situation  improvements  that  can  be  made  to  the  link  are  generally  limited  to  the 
ground  terminal  because  of  cost  and  design  consideration"  on  the  aircraft.  Poor  aircraft  antenna  efficien¬ 
cies  do  not  usually  degrade  the  signal-to-noise  ratio  on  reception,  although  it  is  important  to  receive  an 
adequate  signal  level  at  the  receiver.  The  primary  constraint  on  the  ground-air  link  is  the  noise  at  the 
aircraft  terminal.-  This  can  be  divided  into  two  catagories:  electrical  and  acoustical  noise. 

The  level  of  electrical  noise  degrades  the  received  signa1  -to-noise  ratio  at  the  airc  aft  antenna 
receiving  terminals  whilst  the  level  of  acoustical  noise  at  the  crewman's  ear  determines  whether  the 
signal  from  his  headphones  (with  an  adequate  signal-to-noise  ratio)  is  intelligible.  It  is  important, 
theiefore  in  a  study  of  the  ground-air  link  to  be  able  to  adequately  assess  the  aircraft  noise  levels. 

With  a  knowledge  of  these  no.se  levels  the  required  output  power  from  the  ground  station  in  the  air¬ 

craft  direction  can  be  estimated..  The  transmitted  power  is  more  readily  controllable  than  in  the  air- 
ground  situation.  The  directivity  and  absolute  gain  of  the  transmitted  signal  can  be  controlled  reasonably 
effectively  ana  it  is  vital  to  make  use  of  these  features  if  adequate  signal-to-noise  ratios  are  to  be 
received  at  the  aircraft. 

Remote  ground  station  working  is  not  as  essential  for  providing  adequate  communication  as  in  the  air- 
ground  link.  Ionospheric  absorption  is  the  most  important  frequency  dependent  factor  in  the  ground-air 
direction  whereas  the  dependence  of  the  aircraft  antenna  efficiency  on  frequency  is  more  important  in  the 
air-ground  direction.  A  remote  ground  station  link  does,  however,  increase  the  available  frequency  range 

of  operation  and  decrease  the  required  range  of  elevation  angles  at  the  transmitter.  The  remote  link  may 

be  useful  if  there  is  strong  interference  on  some  frequencies.  It  is  usual  for  the  aircraft  to  transmit 
and  receive  on  the  same  frequency.  Thus,  since  the  air-ground  situation  requ’res  the  longer  link  for 
satisfactory  operation  the  same  link  and  h"nce  the  same  operating  frequency  will  have  to  be  used  for  the 
ground-air  link. 
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or  improved  aircraft  antennas  assumed) 
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Fig.6  Communication  from  an  aircraft  to  various  ground  stations.  A  constant  frequency  is  used  over  a  24  hour 
period.  (No  ground  directivity  or  improved  aircraft  antennas  assumed) 


Fig.''  Summary  of  HF  air-to-ground  communications  reliability 
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Appendix 

RECEPTION  PROBLEMS  WITH  SHALL  AIRCRAFT 

The  reception  of  if  signals  by  email  si i craft  it  subject  to  a  number  o'  sources  of  degradation  and 
it  is  necessary  to  know  how  these  can  affect  the  overall  circuit  reliability  on  a  ground-air  link.  There 
are  two  important  features  to  consider. 

(a)  The  degradation  of  the  signal-to-noise  ratio  as  the  signal  passes  through  the  receiver. 

(b)  The  absolute  level  of  the  signal  at  the  receiver  input. 

A. I  Degradation  of  xigual-to-noise  ratio 

Consider  an  incoming  signal  of  mean  pover  $  at  the  aircraft  antenna  and  an  incident  noise  power 
No  in  a  I  H-.  bandwidth.'  Urt  the  (omni-directional)  antenna  have  efficiency  n  at  the  frequency  con¬ 
sidered.  Then  after  reception  by  the  antenr.'  the  signal  power  is  *!•*»  ,  the  noise  power  is  :No  and  the 
signal-to-noise  r3tio  remains  S/Ny  ••  At  the  receiver  input  other  losses  such  as  those  due  to  imperfect 
matching  reduce  the  signal  strength  to  n'S  and  the  noise  power  to  n'Ny  .■ 

As  the  signal  passes  through  the  receiver,  the  receiver  noise  power  Nr  per  Kz  contributes  to  the 
total  noise  power  and  the  final  signal-to-noise  ratio  becomes 

n'S/ln'Ny  ♦  Nr)  (A-l) 

if 


Nf  «  o'Nn  (A-.*) 

then  the  signal-to-noise  ratio  at  toe  receiver  output  is  the  same  as  at  the  antenna,.  Now  (A-')  can  be 
expressed  tr.  logarithmic  units  as 

n*  ♦  Fa  "  l'r  (A-3) 

where  n'  dB  ia  the  loss  in  the  receiving  system,  Ka  is  the  effective  Antenna  noise  power  factor  (dB)  and 
Fr  is  the  receiver  noise  figure.'  Inequality  (A-3)  is  the  condition  that  the  receiving  system  performance 
in  the  aircraft  ia  limited  by  external  noise.  Provided  that  (A-3)  in  valid  the  receiving  antenna  effici¬ 
ency  ia  uniaqiortant . 


Suppose  that  n  •  n‘,  tV  only  the  receiving  antenna  efficiency  contributes  to  the  power  losses.  For 
an  antenna  on  a  smalt  aircraft,  n  may  be  very  small.  The  receiver  noise  figure  can  be  taken  as  10  dE, 
which  is  typical  of  good  current  practice;  typical  antenna  efficiencies  are  given  elsewhere  (FAVEY,  N.A.I). , 
1  *>73 ) .-  Then  the  minimum  required  external  noise  to  ensure  that  receiver  noise  is  unimportant  can  be 
calculated. 


With  the  best,  estimates  of  Fa  available  equation  (A-3)  is  ncaily  always  satisfied.  Although  the 
aiicraf:  noise  figures  are  estimates  it  is  felt  that  they  are  unlikely  to  be  in  error  by  more  than  a  few 
dB.  Thus  even  if  there  arc  mismatch  losses  in  the  receiving  system  of  10  dB  (corresponding  to  a  VSWK  of 
approximately  40:1),  the  signal -to-noise  ratio  should  nor  be  degraded  on  reception.- 


A..’  Absolute  signal  level 

Because  of  the  nature  of  the  airborne  receiver  it  is  necessary  for  the  input  signal  to  tile  receiver 
to  be  of  the  order  of  2  >V  (*  dB  uV).  It  has  been  shown  that  to  achieve  satisfactory  communication  for 
SSB  voice  channels  a  signal-to-noise  ratio  (S/Ny)  of  55  db  is  required.  Now  if  the  noise  power  at  2  MHz 
is  -132  dBW  per  1  Hz  bandwidth,  the  signal  S  at  the  antenna  must  be  -/?  dBW.  Suppose  at  2  MHz  n  is 
-38  dB  and  assume  a  40:1  VSWR;  then  the  value  ol  n'  is  48  dB,  and  n'S  is  -125  dEW  in  the  worst  ease. 
This  is  12  dB  uV  (in  50  il)  at  the  receiver  input,  which  is  quite  acceptable.-  To  protect  against  fading  a 
margin  of  some  6  dB  is  required.  Therefore  even  under  the  nosl  unfavourable  conditions  the  signal  level 
should  be  adequate  at  the  receiver.  Note,  however,  to  achieve  -77  dBW  at  the  aircraft  would  require 
40  dBW  or  mere  of  radiated  power  irom  the  ground  station. 
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MODERN  HF  COMMUNICATIONS  FOR  LOW  FLYING  AIRCRAFT 
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SUMMARY 


I 


The  objective  of  this  paper  is  to  describe  an  application  of  the  HF  propagation  phenomenon  that  can 
provide  relatively  short  range,  reliable,  terrain  independent  ccrunun. cations.  It  has  been  shown  that  com¬ 
munications  out  to  ranges  of  50  km,  under  varying  terrain  conditions,  to  and  from  low  flying  aircraft,  is 
an  extremely  difficult  problem  especially  for  air  mobile  tactical  forces..  The  US  Army  under  the  Nap-of- 
the-Earth  Communications  (NOE  Conn)  System  program  has  conducted  extensive  tests  and  analysis  using  the  HF 
media  for  tactical  communications  with  low-flying  aircraft.  This  paper,  based  on  the  tests  performed, 
describes  how  the  near-vertical-incidence  skywave  (NVIS)  portion  of  the  HF  channel  can  be  used  for  air¬ 
craft  communications.  After  considering  the  results  of  the  tests  and  analysis,  the  US  Army  is  planning  to 
procure  and  field  a  modern  HF-SSB  radio  wh i .. h  wil  1  take  advantage  of  this  channel  to  improve  NOE  aircraft 
communications . 

HF-SSB  radio  systems  have  the  capability  of  operating  in  either  a  ground  wave  cr  NVIS  mode.  For  the 
NVIS  mode,  the  energy  is  directed  vertically  to  the  ionosphere  and  returned  to  the  surface  of  the  earth. 
The  NVIS  mode  provides  umbrella  type  coverage.  Because  of  NVIS  propagation,  HF-SSB  systems  with  appro¬ 
priate  antennas  have  the  capability  of  providing  communications  coverage  out  to  ranges  greater  than 
50  km  in  any  type  of  terrain.  The  NVIS  mode  is  terrain  independent. 

This  paper  addresses  primarily  the  characteristics  of  the  HF  NVIS  mode  and  also  notes  the  features 
required  of  a  modern  HF  radio  system  to  make  efficient  and  practical  utilization  of  the  already  over¬ 
crowded  hr  band. 

1 ..  INTRODUCTION : 

1.1  BACKGROUND :  Aircraft  radios  utilizing  the  frequency  range  of  30  to  400  MHz  have  been  standard 
equipment  on  Army  aircraft  for  more  than  a  decade.  These  sets  have  provided  an  effective  communication 
system  with  normal  high  flight  altitudes;  however,  current  battlefield  tactics  require  very  low  levels 
(often  in  defilade)  to  reduce  vulnerability  to  sophisticated  antiaircraft  weapons  systems.;  The  effec¬ 
tiveness  of  the  communication  links  utilizing  the  VHP  and  UHF  bands  is  severely  impaired  due  to  loss  of 
lme-of-sight  (LOS)  conditions.  The  present  VHF  and  UHF  systems  are  limited  to  short  ranges  which  are 
often  insufficient  to  support  combat  operations  involving  aircraft  on  the  modern  battlefield.  Thus  an 
alternate  method  is  necessar--  for  communications  to,  from  and  between  low-flying  aircraft. 

A  system  that  uses  an  h:  skywave  propagation  path  provides  such  an  alternate  method  that  functions 
independently  of  terrain  features.  This  system  is  based  upon  a  natural  phenomenon  whereby  a  radio  fre¬ 
quency  signal  directed  at  the  zenith  within  a  limited  band  of  frequencies  is  reflected  back  to  the  earth 
from  one  of  several  of  the  ionized  layers  with  -  minimal  path  loss.  Thi  „  propagation  mode  is  identified 
as  the  Hear-Vertical-Incidence-Skywave  (NVIS)  mode.  The  basic  scientific  principle  of  this  approach  has 
beer  observed  and  reported  early  m  the  days  of  electro-magnetic  experimentation.  The  NVIS  mode  was  used 
for  Army  ground-to-ground  communications  since  World  War  II;  however,  the  short  range  characteristic 
afforded  by  the  NVIS  mode  had  little  practical  application  to  Army  aviation  until  recently.  The  classic 
application  of  the  HF  spectrum  is  for  communication  over  long  ranges  (e.g.,  200-8000  km)..  The  current 
Army  need  is  for  a  system  that  functions  at  a  close  range  of  0  to  50  km,  the  range  where  VHF  or  UHF  fre¬ 
quencies  are  normally  employed..  The  choice  of  frequencies  to  achieve  short  range  skywave  paths  ere 
different  than  those  normally  used  for  a  long  range  application.  The  best  frequency  of  operation  lies 
within  a  small  pass  band  (sometimes  only  1  to  2  MHz  wide)  within  the  2  to  10  MHz  frequency  band.  The 
position  of  the  pass  band  o.  "window"  is  a  function  of  the  time  of  day,  season  of  the  year,  degree  of  sun 
spot  activity,  geographical  location,  etc.  Modern  computer  propagation  prediction  techniques  or  an  area 
ionospheric  sounder  can  readily  provide  the  guidance  necessary  to  develop  an  acceptable  frequency  manage¬ 
ment  plan. 

Use  was  made  of  the  NVIS  principle  for  ground-to-ground  communications  by  the  Armed  Forces  during 
World  War  II.  when  transmission  difficulties  were  encountered  with  VHF  equipment  operating  in  jungles  and 
mountainous  terrain.-®  The  principle  was  further  pursued  and  used  during  the  Vietnam  conflict.  Some  hel¬ 
icopters  in  Vietnam  were  equipped  with  HF-SSB  equipment  (including  an  open  wire  zig-zag  antenna)  .-  This 
approach  did  not  receive  widespread  favor  as  a  solution  to  the  NOE  Communications  problem  for  reasons 
such  as: 


a.  Difficulty  in  predicting  and  using  the  best  frequency  of  operation  to  permit  frequency  assigrments 
to  follow  the  "window"., 

b.  The  available  aircraft  radio  did  not  contain  state-of-the-art  technology  which  resulted  in  a  poor 
communications  channel  (e.g.  no  squelch  or  preset  channelization).. 

c.  The  aircraft  antenna  for  the  2  to  10  MHz  range  was  inefficient  for  NVIS  propagation  and  mechani¬ 
cally  undesirable. 

d.  Aviators  lacked  understanding  of  the  HF  media  - 

e.  The  pilot  burden  m  flying  aircraft  at  low  levels  is  too  great  fcr  him  to  devote  me  tine  required 
to  communicate  properly  using  the  H^  media- 
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1.2  TESTING  i  l '  ^ » 1 0  ‘fasti  on  the  NOE  Ctnm  low  flying  aircraft  can*  uni  cat  loti n  program  weto  loth  of  an 
engineering  and  operational  nature.  Tho  engineering  teata  were  conducted  at  Tort  Horuouth,  ar»j  it  Hur 
Central,  Veatern  and  Northern,  New  Jersey  areaa  whicn  are  characterlaed  at  both  moderately  rolling  and 
hilly  termini  in  the  ruggod  White  Mountain  area  of  New  Hampshire!  and  in  both  the  hilly  and  mountainous 
areaa  of  Oahu,  Hawaii,  Tho  operational  toatc  were  conducted  in  tho  moderately  rolling  terrain  of  ton 
Hood,  Texas. 

1.2.1  Port  Monmouth,  New  Jeraey  Area  Teata i  Tho  teata  in  tho  Fort  Monmouth,  New  Jersey  ares  pri¬ 
marily  centered  around  small  and  modi  m  aiae  helicopter  antenna  deaiqn  and  an  Investigation  of  WV1S  propa¬ 
gation  characteristics.  The  aircraft  antenna  was  a  shorted  loop  type  antenna,  made  out  of  2.5cm  attaints* 
tubing,  4.5m  long,  apaced  30cm  from  the  fuselage  and  grounded  at  tho  rear  of  the  helicopter  near  the  vertl- 
cal  stabliiar  (see  figure  1).  This  antenna  exhibited  good  mechanical  characteristic#  and  provided  the 
desired  nvis  radiation  characteristics,  with  as  high  an  aircraft  radiation  efficiency  as  practical.  Be¬ 
cause  it  was  of  the  current  fed  variety,  it  was  not  noticeably  uuaceptlble  to  detuning  effects  (c.g., 
rotor  modulation).  The  antenna  pattern  which  was  predicted  using  computer  modeling  prediction  techniques7 
was  validated  during  tha  test  program.  It  provided  the  desired  high  angle  radiation  pattern  neodod  for 
NVIS  propagation. 

Coimnunications  range  and  field  strength  measurements  were  made.  It  is  interesting  to  note  that  tt  a 
range  of  35  km  and  with  the  proper  choice  of  frequency  for  the  particular  time-of-day  operation,  the  NVIS 
akywave  signal  was  consistently  25  to  35  dB  greater  in  field  strongth  than  that  oxpoctod  of  a  ground  wave 
signal.  Furthermore,  the  field  strength  at  an  extended  range  of  167  km  was  within  2  dn  of  that  taken  at 
35  km.  This  uniform  coverage  is  one  of  tho  most  significant  advantages  in  using  this  modo  of  transmission! 
however,  it  may  be  a  disadvantage  regarding  undosirod  signal  intercoption  and  imaceptanco  to  interference. 
The  terrain  independence  characteristics  of  tho  NVIS  modo  worn  demonstrated  in  flight  toots  to  tho  western 
and  northern  parts  of  New  Jersey. 

1.2.2  White  Mountain  area  of  New  Hampshire  Tests;  The  Now  Hampshire  National  Guaid  (NHNG)  provides 
a  search  and  rescue  service  tor  vacationers  in  tho  rugged  mountainous  terrain  In  Now  Hampshire.  Conven¬ 
tional  LOS  -  limited  radios  do  not  work  in  this  area  and  multiple  relay  stations  were  not  practical.  In 
response  to  a  request  to  the  Army  for  communications  assistance,  a  NVIS  system  was  provided  to  the  NHNG. 
Based  on  frequency  predictions  and  testa  in  this  area,  a  reliable  NVIS  helicopter  communication  channel 
was  established.  A  solid  channel  was  established  throughout  all  aircraft  test  maneuvers  in  many  location  ; 
within  the  State,  oven  with  a  very  low  power  output  ground  based  portable  trammltter  (20WPED.  Tho  tests 
were  conducted  in  daylight  hours  on  a  low  noise,  clear  channel  chosen  from  the  best  available  allocation. 
The  conclusions  reached  from  these  tests  wero  that  tho  NVIS  channol  is  terrain  independent  and  that  rela¬ 
tively  low  radiated  power  output  can  bo  used  to  communicate  during  the  day  if  tho  operating  frequency  is 
properly  chosen. 

1.2.3  Oahu,  Hawaii  Taatsi  Similar  NVIS  tests  were  performed  in  a  different  type  rugged  mountainous 
terrain  aa  found  in  Oahu,  Hawaii.  Here  more  engineering  test  planning  was  used  to  assess  tho  effective¬ 
ness  of  the  HF  NVIS  channel  as  compared  to  that  of  tho  current  LOS  -  limited  tactical  V1IF-FM  aircraft 
system  and  of  a  prototype  Army  aircraft  satellite  communications  system. 

The  NVIS  and  satellite  channels  performed  well  over  the  tost  course.  In  the  few  areas  where  tho  air  - 
craft-to-satelllte  channel  was  obstructed  by  the  terrain  tho  NVIS  channel  Jtill  provided  satisfactory 
communications.  The  VHF-FM  channel,  on  the  other  hand,  provided  very  lini*-,-d  communications  coverage, 
and  it  typically  showed  outages  st  langes  of  5  to  0  km. 

The  overall  conclusion  was  that  the  HF-SSB  system,  operating  in  a  NVIS  modo,  and  UIIF-FM  (satellite) 
system  both  provided  a  solution  to  the  NOE  communications  problem  for  operation  over  any  part  of  tho 
Hawaii  NOE  flight  course  terrain,  or  terrain  similar  thereto,  during  daylight  hours',  whereas  VHF-FM  is 
generally  unsatisfactory  for  conducting  a  low  flight  mission  over  that  typo  of  t.orrain. 

1.2.4  Fort  Hood,  Texas  Teats:**’^'^ 

1.2. 4.1  Teat  Program  Purpose i  A  large  scale  combined  operational  and  engineering  tost  was  conducted 
at  Fort  Hood,  Texas,  to  quantitatively  assess  the  performance  and  effectiveness  of  nino  candidate  radio 
systems  (both  the  tactical  VHF-FM  currently  fielded  system  and  HF-SSB  systems)  and  communication  modes. 

The  experiment  design  considered  variables  including  range,  altitude,  terrain,  timo-of-day ,  freguenev,  and 
power  that  affect  the  radio  channel  signal  to  noise  ratio  (SNR) .  The  tests  were  designed  to  determine  how 
the  performance  of  the  nor.-LOS  and  LOS  radio  systems  depended  on  those  major  variable*.  Tho  test,  con¬ 
ducted  over  a  three  month  period  in  1976,  involved  over  100  personnel,  1P00  hours  of  flight  testing,  and 
utilised  over  10,000  random  alphanumeric  (A-N)  tost  mosa/.gos  to  determine  and  evaluata  quantatively  the 
effectiveness  of  the  voice  channels  of  the  radio  systems, 

1.2. 4. 2  Measure  of  Effectiveness!  To  evaluate  the  ccesnunicatlono  cf feevivenoss  of  the  HF  channel, 
randomly  selected  alpha-numeric  (A-N)  characters  wero  sent  through  the  radio  channel.  Communi cation 
effectiveness  was  defined  as  the  percent  of  the  A-N  characters  sent  one  way  without  repeats  through  tbo 
communication  channel  which  were  correctly  received.  This  moasuro  provided  a  quantitative  comparison  of 
the  channels  tested  as  a  function  of  the  range  and  other  test  variables,  (i.e.,  power  output,  time-of-day, 
link,  range,  altitude,  terrain.)  Communications  offoctiveness  was  the  primary  measure  of  effectiveness. 

1.2.4. 3  Test  Message!  A  30-character  test  message  of  randomly  selected  (and  equally  probable)  letters 
and  nuabere  were  used.  Tliis  was  called  an  A-N  test  message.  The  A-N  test  mossages  were  formatted  and 
transmitted  in  a  tactical  spot  report  format  by  the  tester.  These  mossages  operationally  resemble  target 
grid  coordinates  of  a  type  that  helicopter  pilots  routinoly  transmit  ovet  radio  systems.  Spot  reports  in 
this  format  sent  one  way  through  the  channel  without  repeats  wero  a  demanding  test  of  the  communication 
channel.  Finally,  these  A-V  messages  wore  recorded  In  the  helicopter  by  r,  test  observer  and  graded  at  the 
end  of  the  mieaion.  A  word  consists  of  six  randomly  selected  A-N  characters.  In  this  message  the  charac¬ 
ters  and  minbera  were  sent  using  the  phonetic  alphabet.  Thirty  randem  A-N  characters  were  sent  in  groups 
of  six  A-N  words  per  report!  that  is,  "Spot  report  numbers  1  -  AC90X4"  would  be  transmitted  aa  "Spot 


r#P°rt  n\Mb*r  Ow,  Alpha»  Charlie*  Ninar*  Saro(  X-ray*  four".  Thtit  maaaagaa  vara  copied  down  on  answer 
graded  and  uuad  a.  th#  primary  maaaur#  of  af factlvenaas  Tor  the  teata.  Thta  method  of  measuring 
communications  affactivanaas  mi  uaad  exclusively  for  the  field  teat*  par  fora  ad  at  rort  Hood,  Texaa  and 
Oahu.  Hawaii. 


X.J.4.*  Teat  Results  Suamarvi  The  naan  A-N  intelligibility  acoraa  are  summarised  In  Table  1  for  the 
JS  and  50  km  ranges.  The  communications  af factivanaaa  ia  ahovn  by  link  (i.a.,  aircraft  to  aircraft  (A-A) , 
aircraft  to  ground  atatlon  (A-C) ,  and  ground  atation  to  aircraft  (G-A))  and  tine  of  day  for  tha  varioua  Hr 
equipment  rated  power  output.  (400,  300,  100  and  40  tfPEP) .  Tha  tiaaa  of  day  are  daflnadi  day  <0900-1100 
hr  LT),  dawn  (0530-0730  hr  LT)  and  night  (0300-0400  hr  LT) .  Tha  frequencies  uaad  ranged  from  3.340  to 
4.370  NNst  and,  once  aalactad  par  tha  teat  plan,  they  ware  not  changed  for  tha  duration  of  a  teat  run. 

That  ia,  if  interference  appeared  on  tha  teat  channel,  or  if  Hr  condition#  changed  during  tha  teat  run,  the 
operational  taator  waa  not  allotted  to  change  to  a  batter  channel.  Tha  a. an  A-N  acoraa  shown)  however,  do 
not  taka  into  conaideration  A-N-0,  or  no  communications  link,  acoraa.  Tha  naan  include,  only  thoae  acoraa 
where  a  co—untcation.  link  waa  eatabliehed  tA-N>0)  to  ahow  channel  performance.  The  aero  acoraa  (A-N-0) 
will  be  treated  aa  part  of  th*  probability  of  aucceaaful  communication  diacuaaion  in  .action  3.3.3  of  thia 
paper.  Table  1  shows  the  suitability  of  th*  NV1S  soda  for  tactical  caamunlcat ion.  and  support*  th*  con¬ 
clusion  reached  in  earlier  teats  in  Haw  Jersey,  Haw  Hampshire,  and  Hawaii. 

3.  NVIS  CHANNEL; 

MV is  propagation  is  dependent  on  the  frequency  of  operation  and  th*  antenna  characteristic*  (e.g., 
polarisation  and  antenna  directivity) .  The  main  difference  between  NVIS  and  long-range  Hr  u.aqe  lies  in 
the  angle  of  th*  incident  signal  on  th*  ionosphere  and  th*  resultant  frequency  band  of  operation,  ror 
NVIS  th*  best  angle  of  incidence  ia  qreater  than  B0  degrees  and  the  frequency  band  ia  below  10  Wit.  The 
Ionospheric  layara  return  tha  NVIS  signal  and  create  an  umbrella  type  rang*  coverage  with  no  "skip  son*" 
or  'quiet  son*"  effect*.  Any  ground  wave  present  with  th*  skywave  signal  results  in  wav*  interference 
affects.  In  th*  low  altitude  teat*  conducted  at  rort  Hood,  th*  ground  wave  interference  was  constructive 
and  enhanced  signal  perfonsanc*  at  cloa*  ir.  ranges.  Tha  tastm  conducted  in  th*  rort  Hood,  Tessa  area 
showed  ground  wav*  enhancement  out  to  about  30  km.  In  sora  rugged  terrain  (e.g.,  Oahu,  Hawaii)  the 
ground  wav*  wes  noted  aa  being  Important  to  rang es  lea*  than  10  ta. 

3.1  ANTENNA  CONSIDERATIONS! 

3.1.1  Ground  Antennai  A  horlsontally-polarised  antenna  is  preferrable  for  NVIS  propagation.  On 
short  range  circuits  (0  to  greatar  than  50  km)  higher  gain  at  radiation  angles  near  tha  senith  is  do- 
aired. 1.3,4,10,11  A  ground  baaed,  unbalanced  half-wave  horisontal  dipole,  placed  10  to  13  meters  above 
ground  provides  good  results  for  NVIS.  It  Is  noted  that  an  unbalanced  antenna,  as  currsntly  used  by  the 
tactical  military  forces,  provides  both  horisontal  and  vertical  components  which  snhances  cloae-ln 
signal  performance.  Table  3  shows  th*  calculated  gain  of  a  dipole  antenna  at  10m  olevatlon  above  good 
ground  for  a  radiation  angle  of  li  degrees.  For  NVIS  a  ground  based  dipole  can  be  an  pec ted  to  provide  4 
to  5  dB  of  gain  toward  th*  senith  when  it  is  elevated  one-eighth  wavelength  to  one-quarter  wavelength 
above  ground. 

3.1.3  Aircraft  Antennai  An  HF  shorted-loop  antenna  (as  tested  on  th*  OH-58  and  tlH-1  aircraft)  1* 
near-optimum  for  all  Army  aircraft  that  will  use  the  NVIS  mode.  This  antenna  radiate*  both  a  horlsontally 
polarised  skywave  component  toward  th*  senith,  and  also  a  vertically  polarised  ground  wave  component  off 
th*  aircraft  mm  ami  tail.  The  pattern  toward  the  senith  I*  essentially  omnidirectional  for  ranqe*  out 
to  greater  than  50  km.  Tha  groundwav*  pattarn  has  maxima  off  the  nos*  and  tall  of  the  aircraft,  and  nulls 
off  th*  sides  of  th*  aircraft  (but  not  a  perfect  figure-eight  pattern).  The  shorted-loop  antenna  as  shown 
In  figure  1  has  a  predominately  Inductive  characteristic  when  the  operational  frequency  l*  1***  than  a 
quarter  wave.  It  can  ha  matched  to  a  50-ohm  impedance  level  by  capacitive  elements  to  achieve  high 
efficiency  in  th*  coupling  transition.  Results  of  tests  of  the  shorted  loop  installed  on  th*  electrically 
small  OH-50  ahow  an  efficiency  as  shown  In  Table  3.  These  gain  estimate*  are  considered  to  be  the  best 
practical  attainable  efficiency  on  small  aircraft.  The  antenna  couptes  energy  into  the  whole  airframe  to 
provide  radiation  at  th*  lower  frequencies.  Th*  aaKiunt  of  radiation  is  physically  limited  by  the  area  of 
th*  loop  and  by  th*  wavelength-alrfrsaw  ail*  ratio.  Th*  efficiency  of  about  3»  ( -1 5dB  at  3.1  NHt)  does 
not  appear  to  be  good ;  however,  when  compared  to  th*  estimated  efficiency  of  present  antenna*  on  mnall 
aircraft  at  only  0.34  we  not*  an  order  of  magnitude  impiowment.  Th*  shorted-loop  efficiency  1*  adequate 
for  communications  when  the  "window"  i*  open  and  noise  and  interference  levels  are  normal,  as  will  be 
shown  latsr  in  this  paper  under  th*  "Systma  Margin*  section. 

3.3  FREQUENCY  CONSIDERATION i  The  beat  operating  frequency  to  use  at  a  particular  tlm#  ia  generally 
an  interference- free  frequency  with  th*  lowest  propaqation  loaa.  The  presence  or  absence  of  interference 
is  difficult  to  predict,  but,  relatively  reliable  predictions  of  ionospheric  propagation  and  atmospharlc 
noise  are  available.  An  example  of  th*  output  from  a  computer  propagation  prediction  service  program 
uaad  during  a  field  tast  to  develop  a  frequency  plan  is  shown  in  Tabla  4.  This  Table  shows  the  statisti¬ 
cal  monthly  reliability  of  certain  designated  teet  frequencies  at  two-hour  interval*  over  a  24-hour 
period  for  operation  over  a  specific  50-km  path  at  Fort  Hood.  The  Maximus  Usable  Frequency  (HUF)  and 
Frequency  of  OptLanm  Transmission  (POT)  ara  also  shown.  In  general,  the  trend  for  th#  best  operating 
frequency,  as  shown  during  th#  month  of  November  1976,  and  during  the  daytime  was  4  to  6.5  MHe ,  2.7  to 
3.5  Mix  during  th*  night,  and  2.6  to  3.0  MHi  just  prior  to  sunrlsa.  Experience  has  shown  that  the  best 
quality  circuit  is  attained  when  th*  operating  frequency  is  close  to  th*  predicted  POT.  However,  for  th# 
Fort  Hood  test  program,  primary  and  altarnate  frequencies  were  selected  for  the  three  testing  intervals 
of  night,  dawn  and  day.  Thaa*  frequencies  were  selected  on  th#  basis  of  a  predictad  reliability  (of 
propagating)  graater  than  90  percent  e.g.,  for  90  percent  of  th*  days  in  th#  month,  th#  given  frequency 
would  propagate  with  a  reliability  of  90  parcent  or  greater.  The  frequencies  selected  from  Table  4  for 
th*  tore*  teat  time  period*  werei 
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PERIOD 

HOURS  (LT> 

PRIMARY  (MHz) 

SECONDARY  (MHt) 

Night 

0200-0400 

2.240 

2.489 

Dawn 

0630-0730 

2.240 

2 . 489 

Day 

0900-1100 

4.370 

4.089 

The  experiment  was  not  designed  to  nermit  selection  of  best  operating  frequency.  If  the  best  operating 
frequency  is  selected  by  a  combination  of  propagation  predictions  os  shown  in  Table  4,  updated  channel  and 
traffic  analysis  information,  a  more  effective  communications  channel  would  be  available. 

Figure  2  was  derived  from  experimental  station  to  station  field  strength  data.-  It  shows  an  average 
example  plot  of  dB  extra  loss  m  the  strength  of  a  radiated  signal  versus  choices  of  frequencies  from  the 
best  choice  operating  frequency  (f0>-  It  is  recognized  that  the  extra  system  loss  may  not  always  be 
symetrical  as  shown  and  that  Uv  slopes  do  vary  depending  on  the  environmental  conditions however,  this 
figure  is  included  to  illustrate  the  fact  that  an  extra  system  loss  can  be  expected  when  not  operating  on 
f.-.  A  variance  of  only  +1  MHz  1.1  the  early  morning  period  could  mean  an  increase  in  syscems  loss  of  10  dB. 
If  real  time  ionospheric  sounding  is  used  the  best  choice  frequency  could  be  determined  from  empirical  anal  - 
ysis.  However,  under  tactical  conditions  it  is  not  always  possible  to  choose  the  best  frequency,  and  the 
penality  payed  to  overcome  the  additional  losses  is  by  the  selection  of  higher  power  output  and  alternate 
modulation  methods., 

2.3  CHANNEL  CONSIDERATIONS: 

2.3.1  Relationship  Between  A-N  Scoras  and  Operational  Charnel  Suitability:  Table  5  is  included  lo  show 
the  relationship  between  alphanumeric  (A-N)  score  and  operatior.il  suit  bility  of  the  channel  for  aircraft 
voice  cotununications..  Based  on  laboratory  tests,  an  A-N  score  of  90%  can  be  achieved  by  pilots  for  a  cir¬ 
cuit  merit  3  (CM3)  channel.  A  CM4  channel  in  the  laboratory  degrades  to  a  CM3  channel  for  a  pxlot  flying 

at  low  altitudes  primarily  because  of  the  aircraft  man-machine  environmental  interface.  Thi  CM3  channel 
is  equivalent  to  an  FM  channel  with  a  lOdB  SNR  and  an  HF  channel  with  a  6d3  SNR.-  Operation  below  these 
SNRs  usually  requires  disabling  the  radio  squelch  control.  It  is  noted,  that  squelch  disabling  is  often 
used  to  detect  a  mos  age  in  the  noise  from  a  distant  station;  however,  this  results  in  a  poor-quality 
circuit  requiring  many  repeats  to  achieve  a  100  percent  score  for  a  randen  A-N  message. 

2.3.2  Probability  of  Successful  Communication  Analysis;  For  the  analysis  of  the  test  results  at 
Fort  Hood,  a  point  estimate  of  the  probability  of  successful  communications  (Ps)  was  ci/nputed  from  the 
multiple  observations  at  each  range  by  determining  the  fract  on  of  the  attempts  when  the  A-N  score  was 
equal  to  or  greater  than  70  percent.  Zero  a-n  scores  (A-N; 0)  were  taken  into  consideration  in  determining 
Ps.-  Zero  scores  occurred  and  were  recorded  during  the  HF  ttst  primarily  because  of  either  severe  channel 
interference  or  equipnent  malfunction  and  ooerator  problems  (e.g.,  improper  squelcn  adjustment).  Table  6 

is  a  simmary  of  the  data.  These  results  are  considered  realist  c  and  typical  for  HF  NVIS  tactical  opera¬ 
tion  with  current  frequency  management  techniques.  From  thi;  table  the  following  conclusions  can  be  drawn: 

a.  The  400  W  transmitter  produced  the  highest  Ps. 

b.  The  Ps  for  both  ranges  considered  are  essentially  tie  some. 

c.  The  mean  value  of  Ps  shows  that  communications  can  te  expected  to  be  better  firing  :he  day  than  at 
either  the  dawn  or  night  *ime  periods. 

d. -  The  speech  processing  added  to  the  100  W  transnitter  produces  a  higher  Ps  than  the  200  w  trans¬ 
mitter  without  speech  processing. 

e. ;  Ccmmunications  will  be  difficult  during  the  dawn  and  m.iht  time  periods  with  a  40  W  transmitter .- 

A  significantly  higher  channel  reliability  would  have  been  achieved  for  the  HF-SSB  systems  >f  other 
teat  frequencies  had  been  •  ,ed  and  if  such  frequency  changes  had  been  permitted  during  a  given  test  period. 
If  we  assme  that  performance  on  single  HF-SSB  frequency  is  inter ferunce-limited ,  that  tne  interference 
u  narrowband,  that  two  frequencies  are  available,  and  that  interference  on  channel  A  and  B  arc  uncorre¬ 
lated  then: 

P(a,b}  =  probability  of  successful  communication  on  either  channel  A  or  B 

F(.A,B)  =  I  -  p  (failure) 

=  1  -  p  (both  channels  fail) 

=  1  -  p  (channel  A  fails)  X  p  (channel  B  .ails).- 
For  Example: 

let  P(a}  =  0.67  (assimed) 

P(R}  =  0.80  (assuned) 

P{A,B}  =  1  -  {1  -  0.67)  {1  -  0.80} 

=  1  -  (.33)  (.20) 


0.93 
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In  stxnmary,  two- frequency  operation  increases  reliability  of  HF-5SB  in  the  presence  of  narrowband  inter¬ 
ference  (from  .67  to  .93)  for  the  example  and  the  assumptions  qtven.-  This  example  points  out  the  need 
for  primary  and  an  alternate  channel  assignments  i.n  lieu  of  a  real  time  on-line  frequency  assignment 
management  tool* 

-  • 4  SYSTEM  MARGIN . 


3.4.1  Definition;  The  probability  of  successfully  communicating  at  a  distance  foi  a  given  system, 
environment  and  operational  deployment  condition  can  be  defined  in  terms  of  a  system  margin,  M(d).*'*1' 
rhe  systtw  margin  compares  the  measured  or  computed  predetect  10.1  signal-to-noiae  ratio  (SNR)  at  a  dis¬ 
tance  d,  SNK(d),  with  the  tequued  receiver  predetect  lo.i  SNR,,  R,  .  The  system  mam  in  M(d)  is. 

tl )  M(d)  -  SNR(d)  -Kr 

For  values  ot  M(d)  ,  >  0  an  acceptable  comt'um cat  ions  circuit  i-  achieved.  The  actual  values  of  M(d)  show 
the  relative  circuit  margin  available* 

The  system  margin  M(d)  ,  in  its  expanded  form  is:*1’ 

(2)  M (.5)  ■  PT  -  U,  r  i,.  -  I.b  -  Fa-  8  Kr+  I7t,  (dB) 

These  terms  are  define.)  m  the  following  sub-section  and  in  the  ApiwMidix.  This  equat.ou  assumes  that  the 
receiving  antenna  ciicuit  losses,  c.-  (in  dB)  ,  are  approximate.)  by  2dB  m.nus  the  receiving  antenna  gam 
(in  dBi) . 

2.4.2  Assunptions  fot  Analysis:  TO  analyse  the  expected  system  margin  for  a  NV1S  signal  emanating 
fleet  either  a  mail  helicopter  or  a  fixed  ground  station  the  following  genet  a  1  assumi t ions  are  made; 

a.  Frequency  of  Operation  (f)  r  f  *  2  MHz  at  0700  ht  I.T 

t  »  4 Milt  at  1000  hr  LT 


b.  Times  of  Day  (IMP)  :  Dawn  -  0700  hr  Lf 

Pay  -  1000  In  l.T 

c.  Ranges:  2S  kro  and  50  km 

d.  Average  heigfit  of  ionosphere:  300  km 

e.  Transmitter  Power  Output:  P.p  ~  50  dftn  (400W) 

i’T  -  5  3  drm  (200W) 


Transmission  cine  Loss :  uf  »  Ids  tor  ground 

!-p  *  o.bdB  for  aircraft 

Antenna  Gam  etp : 


2MHz 

4  MHz 

(dBl) 

(dBi) 

Aircraft 

-lb 

-10 

Ground 

+4.3 

*4.0 

h.  Basic  Transmission  Path  loss  Lb  where  Lb  “  +  UpA: 


TV>D 

f 

(MHz) 

kin 

(dB) 

50  km 
(dB) 

'■si 

lta 

i-b 

Id 

I‘TA 

■SI! 

Dawn 

*> 

94.5 

mm 

*4.6 

T 

5)k>  .  t> 

Day 

— -  . 

*r 

100.5 

9 

*  00 .  o 

JO 

1.  Antenna  Environmental  Noise  Figure  Fa: 

Fa“  4BdB  Rural  Noise  at  4kMz 

Fa-  65dB  Atmospheric  Noise  limited  at  2MHz 


1.  Bandwidth  B  *  IP  log  b: 

B  •*  3SdB  for  a  3000Hz  voice  channel 
B  *•  25dB  for  a  loiKz  CX  channel 


•ercent  . 
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k,  Required  SNR,  Rj*  •  6dB  for  4  CM3  voice  channel  schl«vltig  A-N  scores  greater  then  70  | 

(filling  not  conalderod.)  Rr  -  CMO  waa  choaan  for  CM  in  this  example. 

l.  Tarrain  and  aircraft  low  altituda  are  not  considered. 

-•4.3  Analysis ;  A  summary  of  the  analysis  for  the  system  margins  for  a  uignal  emlnating  frcai  eltl  r 
the  aircraft  transmitter  (A/C  XffTR)  or  the  ground  transmitter  (GND  XMTR)  are  shown  in  Tables  7,  8,  V  aid 

10.  The  Tables  show  the  sensitivities  of  time  of  day  and  transmitter  powor  output  for  the  ranges  of  25  km 

and  50  km.  Tables  7  and  8  were  derivod  for  a  voice  channel  with  a  typical  lir-SSR  bandwidth  of  3000*lz. 
Tables  9  and  10  were  included  to  show  how  the  margin  would  bo  improved  if  the  'oandwldth  was  reduced  to 
3001(1  for  CW  type  operation. 

2.4.4  Conclusionsi  from  this  analysis  the  following  conclusions,  which  wire  born  out  during  the 
testing  program,  are  made: 

a.  Variable  power  output  provides  needed  system  margin  especially  for  dawn  and  nighttime  oi«eratlons. 

b.  Transmission  from  the  ground  based  antenna  can  provide  more  margin  bee;  use  of  bettor  gain. 

c.  CW  operation  could  provide  up  to  16dR  system  margin  over  voice  circuits  luscause  of  bandwidth 
reduction  and  less  susceptablc  to  interference  effects. 

d.  The  margin  at  2S  tan  and  50  km  i3  substantially  the  same. 

o.  Low  power  output  (40W)  voice  operation  at  dawn  and  at  night  is  difficult  and  will  result  in  a 

noisy  communications  channel. 

f.  Low  power  output  operation  during  the  day  should  provide  adequate  margin  if  operating  on  the  best 
frequency . 

g.  Improper  choice  of  the  best  frequent"  ror  operation  can  be  overcome  by  increased  p.ujer  output. 

This  is  a  reason  why  conventional  typo  piedi  tion  methods  can  provide  an  adequate  frequency  plan  under 
normal  conditions. 

3.  CONCLUSIONS: 

An  HF-SSB  radio  with  mode-  n  features  operating  in  the  NVTS  modo  can  be  u3ed  successfully  to  provide 

satisfactory  communication,  for  low  flying  tactical  aircraft  over  a  50  km  (or  greater)  range  in  viturally 

any  type  of  terrain  condition.  By  proper  frequency  selection,  with  the  best  results  being  obtained 
during  daytime  operations,  lower  power  output  can  be  used.  At  night  t ime  and  during  dawn,  high  power  out¬ 
put  is  frequently  reguirod  because  of  the  presence  of  noise  and  interference  in  the  channel.  The  fre¬ 
quency  of  operation  for  the  NVIS  mode  is  frera  'Wt  (radio  equiiment  an.l  aircraft  antenna  limitations)  to 
about  10MHz  (expected  upper  limit  for  NVIS  frequency  supportabllity) .  Frequencies  selected  near  the  tVT 
should  bo  used.  The  predominant  advantage  of  the  NVIS  mode  is  that  once  the  fundamental  path  loss  a.ud 
ambient  noise  factors  are  overcome  by  the  trainanlsslon  system  in  a  given  geographical  area,  successful 
communications  can  be  expected  between  two  or  more  other  points  out  to  a  radius  of  at  least  50  to  100  km, 
with  complete  independance  from  terrain  features.  The  predominant  disadvantage  is  the  vulnerability  to 
undesired  interception  and  interference. 

The  channel  quality  of  HF-SSB  is  inferior  to  that  of  the  present  V1IF-FM  tactical  channel)  however,  it 
is  operationally  acceptable  If  used  with  an  HF-SSB  radio  with  modern  features.  We  have  shown  that  a 
channel  with  a  CM3  rating  can  be  used  to  reliably  communicate  A-N  messages  such  as  s)v>t  reports,  targeting 
information,  status  reports,  brevity  codes,  etc.  However,  if  an  aviator  listens  to  this  type  channel 
(with  CM3)  for  a  period  of  time,  pilot  fatique  will  result  due  to  the  continuous  background  noise  (and 
semetimes  tho  interference)  present  in  the  channel.  An  optimum  receiver  squelch  is  required.  A  selec¬ 
tive  addressing  squelch  will  be  used  to  ensure  positive  communications  contact.  (The  aviator  will  listen 
and  reply  only  on  a  selected  channel  when  beinq  addressed.)  This  feature,  coupled  with  frequency  scanning 
of  multiples  preset  channels,  provides  added  system  flexibility  with  simplicity  of  operation. 

To  take  maxisuz*  advantage  of  the  NVIS  mode  other  factors  must  be  considered  in  the  modern  HF-SSB  radio, 
ingle  side  band  suppressed  carrier  modulation  on  either/or  the  upper  (USB)  and  lower  (1.SB)  side  band  with 
audio  sylablc  speech  processing  (about  3  to  4  dB)  enhances  the  aviators  talk  power  with  minimus  loss  in 
speaker  recognition.  The  choice  of  USB  or  LSH  provides  two  channel  assignments  on  the  same  frequency,  and 
this  choice  esn  be  used  to  mlnimiie  narrowband  co-channel  interference.  Furthermore,  the  reliability  of 
the  HF-SSB  radio  channel  will  be  increased  further  by  assigning  two  (or  more)  frequencies,  i.e.,  a  primary 
and  a  secondary  frequency,  to  support  a  communications  net  for  a  given  time  of  day.  This  gives  additional 
capability  to  avoid  narrowband  frequency-selective  interference.  The  frequency  scanning  feature  combined 
with  selective  addressing  will  accomodate  this  procedure. 

On-line  ionospheric  sounding  could  provide  the  real-time  selection  of  the  best  choice  of  frequency, 
the  choice  for  the  power  output  requirrd  resulting  in  the  lowest  power  output  being  used  for  a  transmitter 
with  the  lowest  possible  environments  interference  effects,  the  highest  possible  channel  circuit  reliabil¬ 
ity,  and  efficient  utilization  of  the  crowded  frequency  spectrum.  As  an  alternative  to  on-line  ionospheric 
sounding,  multiple  frequency  (channel)  assignments  which  are  based  on  prediction  services  information  must 
be  used.  The  user  in  this  case  either  manually  or  automatically  selects  the  desired  frequency  for  opera¬ 
tion.  It  is  envisioned  that  the  modern  HF-SSB  radio  will  be  controlled  by  a  micro -computer  which  could  b# 
programed  to  provide  full  automatic  frequency  decision  making  and  selection,  if  desired.  Current  plans 
Include  a  limited  manual  capability. 
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The  addition  of  a  manual-keyed  conf."“"s  wave  (MCW)  capability  for  the  tiansmission  of  brievity  codes 
will  provido  at  least  lOdB  more  system  gain  r.v.iarily  because  of  a  bandwidth  reduction  of  10  (1000  to 
300  Hz).  It  is  noted  that  with  lOdB  more  system  gain,  the  very  low  power  output  can  be  used  effectively 
The  radio  will  also  have  a  data  transmission  capability  for  further  communications  enhancement  with  future 
appliques. 

The  results  of  this  test  program,  supplemented  by  extensive  analysis,  were  a  contributing  factor  in 
the  decision  of  the  US  Army  to  procure  an  HF-3SB  system  lor  use  on  tactical  low-flying  aircraft. 
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APPENDIX  DEFINITIONS 

PT  =-  transmitter  output  power  (dBm) 

=  insertion  loss  of  transmission  line  for  the  transmitter  (dB) 
r*T  =  antenna  gain  for  the  transmi' ting  ar.tenna  to  include  coupler  losses  (dBi) 

Lj,  =  basic  transmission  path  loss  (dB) 

L<i  =  total  NVIS  free  space  distance  loss  (dB) 

Lrft  =  turn  a-ound  loss  (dB) 

Fa  =  environmental  antenna  noise  fiqure  (dB! 

B  -  noise  power  bandwidth  (dB) 

R  =  required  predetection  SNR  (dB) 

176  ®  is  a  constant  term  cenved  frem  the  noise  figure  (n  =  f  k  t^  b)  referred  to  the  terminals  of  a  loss- 
free  ar.tenna.  Rccener  antenna  system  considerations  (dB)  are  also  included. 


MEAN  ALPHANUMERIC  (A-N)  INTELLIGIBILITY  SCORES 


ALTITUDES  CTO  AND  IChi  COMBINED  (NO  FREQUENCY  CHANGES  PERMITTED) 


TRANSMITTER 
POWER  OUTPUT 
<w> 

MODE 

PATH 

25km  RANGE 
{%  A-N  CORRECT) 

50km  RANGE 
(%  A-N  CORRECT) 

DAY 

DAWN 

■B 

DAY 

DAWN 

NIGHT 

400 

on 

98 

95 

94 

82 

93 

97 

400 

96 

93 

96 

99 

93 

96 

200 

m 

96 

85 

82 

82 

87 

* 

200 

A-G/G-A 

96 

89 

87 

80 

75 

96 

100** 

m 

96 

96 

81 

93 

91 

96 

100** 

92 

94 

90 

95 

91 

86 

40 

mm 

■  ■■  m 

99 

* 

90 

* 

80 

75 

40 

A-G/G-A 

85 

91 

98 

94 

85 

87 

SOURCE:  TCATA  FM-320  NOE  COMM  SYS  TEST  DAT/. 


♦Sample  size  too  snail,  results  inconclusive 
♦♦Include  3  to  4dB  syllabic  speech  processing 


US  ARMY  C0MMUN1CAT  I ONS -ELECTRON  1 CS  ENGINEERING'  INSTAUATION  AGENCY 


FREQUENCY  RELIABILITY  TABLE 


PROJECT  141  RPA  761.51.0  PCA 
GROUND  STATION  2  TO  FORT  HOOD,  TX 
31.4PN  -  97.87W  31.01N  -  97.87W 

TYPE  OF  SERVICE  3A3A 
XMTa  2 >30  IIORZ  HW  DIPOLE  {II  9.14  1 
RCVR  2>30  HORZ  HW  DIPOLE  {11  9.14} 
POWER  *  . 200KW  3MHz  MAN-MANDK  NOISE 


SSN  K’.l  NOVEMBER  19/6 
AZIMUTHS  Mtl.ES  KM. 

180.00  .00  31.1  50.0 

MINIMUM  ANGLE  -  .0  DEGREES 
(I.  -.501  (A  -0}  (  EE  »?  0 

{L  -.50)  [A  -0  1  Ul  .  u 

-Hn'-EPW  RKQD,  S/N  -  50p»t 


FREQUENCES  IN  MI  IE, 


FT  HOOP  LT 

• \ 

4  ,  i. 

2.5 

3.3 

4.1 

4.4 

5.1 

5.8 

6.1 
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7.4 

7.7 

20 

.92 

.90 

.62 

.21 

.12 

- 

- 

- 

- 

- 

••• 

KEL. 

22 
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.89 

.63 

.  22 

.13 

- 

- 

- 

- 

- 

- 

EEL. 

29 

.86 

.88 

.76 

.  13 

.23 

.07 

- 

- 

- 

- 

- 

KEL, 

02 

.85 

.87 

.88 

.59 

.44 

.18 

.07 

.04 

- 

- 

- 

ui:l. 

04 

.85 

.81 

.69 

.34 

.24 

.07 

- 

- 

- 

- 

- 

Rl'L . 

06 

.92 

.90 

.68 

.30 

.21 

.06 

- 

- 

- 

- 

- 

KEL. 

013 

.90 

.98 

.99 

.  99 

.99 

.93 

.68 

.48 

.28 

.04 

- 

KEL. 

10 

.99 

.99 

.99 

.99 

.99 

.9'* 

.98 

.95 

.88 

.54 

.42 

KEL. 

12 

.99 

.99 

.99 

.99 

.99 

.98 

.95 

.92 

.8*' 

.59 

.49 

K4.li. 

14 

.99 

.99 

99 

.99 

.99 

.99 

.95 

.92 

.86 

.  t>0 

.  5  i 

KEL. 

16 

.99 

.  99 

.99 

.  99 

.99 

.98 

.12 

.85 

.71 

.29 

.20 

RK1.. 

18 

.96 

.96 

V 

j  .98 

.8“ 

.79 

S  1 

.05 

- 

- 

- 

- 

KEL. 

FT  HOOD 

LT 

18 

20 

*)') 

24 

02 

04 

06 

08 

10 

12 

14  16 

MUF 

4.8 

3.5 

3.5 

3.1' 

4.  1 

3.0 

3.7 

6.  ! 

7.5 

7.6 

7.7  6.9 

FOT 

4.1 

2.7 

2.8 

3.1 

.3.5 

2.8 

•>  • 

5.2 

6.4 

6.3 

6 .3  5.9 

DASHES  IN  RELIABILITY  LINES  SK.NIFY  RELIABILITIES  OF  00  PERCENT 


-11  SCORE  {%  CORRECT} 


4  1 


rkiationsiiip  h.-wken  m.ivhanumkku'  (a-m>  sivkk 
AND  Ot'KRATlONAl.  Sl'lTABll.lTY  OK  CHANNhl.  KOR  AIRCRAFT  *VMMl»N10A  *  lOA.'J 


5  4  '  I  0 

CtRi'tOT  MERIT  (CM) 


5.  Excellent.  First-time  reliability.  ^ .  Unaecept abl e .  Poor-quality  circuit 
High-quality  circuit.  Excellent  many  repeats  required,  Backo round - 

channel.  noise  limited.  Squelch  disable 

cperaticn. 

4.  Good.  Good-qualit y  ciicu't;  small 

number  of  lepeats.  Good  channel.  1.  l|»accent  uhl  e . 

3.  Marginal .  Poor-quality  circuits;  0.  Pnaccopt  glue.  No  channel 

frequent  repeats.  Between  A-N  «• 

70-00,  a  marqinal  channel  exists, 
whii.c.  is  adequate  for  cemmunicat  ion. 


TAB1.K  ’> 


$WWv  4.13 


OBSERVED  PROBABILITY  OP  COMMUNICATIONS  SUCCESS,  P„, 
TOR  A-N  TEST  SCORES  >  70  PERCENT 
(No  Frequency  Changes  Remitted) 

Altitudes  On  and  10m  Data  Combined 


TRANSMITTER 
POWER  OUTPUT 
<w) 

MODE 

PATH 

25  fan  RANGE 
ps 

50  km  RANGE 

PS 

DAY 

DAWN 

NIGHT 

DAY 

DAWN 

NIGHT 

400 

A-A 

1.00 

.92 

.87 

.69 

.82 

.92 

400 

A-G/G-A 

.96 

.93 

.96 

1.00 

.93 

1.00 

200 

A-A 

.07 

.80 

.74  ' 

.73 

.62 

* 

200 

A-G/G-A 

.97 

.94 

.72 

.97 

.72 

.58 

100** 

A-A 

.98 

,79 

.79 

.96 

.79 

.73 

100** 

A-G/G-A 

,89 

,90 

.88 

.97 

.64 

.73 

40 

A-A 

.95 

* 

.85 

* 

.33 

.50 

40 

A-G/G-A 

.87 

.59 

.73 

.90 

.31 

.30 

P8  (MEAN 

I 

< 

> 

.94 

,84 

.82 

.89 

.65 

.69 

Source  1  TCATA  FN-320  NOE  CCMN  Sys  TEST  DATA. 


♦Sample  site  too  small,  results  inconclusive 
♦•Includes  3  to  4dB  syllabic  speech  processing 


TABLE  6 


TABLE  10 


4-1$ 


DISCUSSION 


E.R.  Sctumrting,  US 

Voict  bandwidths  and  ionospheric  communications  need  careful  frequency  management.  Tactically,  this  can  be 
very  difficult.  The  moment  that  narrow  band  (teletype  or  equivalent)  is  allowed,  satellite  communications  at  very 
high  frequencies  using  non-dlrectional  antenna  provide  reliable  communications  and  avoid  the  frequency 
management  problem. 

Author'S  Reply 

Satellite  communications  to  US  Army  aircraft  provides  a  good  quality  communications  channel.  (See  paper  ref.  10) 
However,  there  are  many  key  tactical  limitations  that  preclude  present  consideration  by  Armv  Aviation.  They  are: 
very  limited  band  of  UHF  frequencies  assigned  to  Army  for  priority  traffic;  no  tactical  U1IF  around  equipment; 
aircraft  directional  antennas  are  too  bulky  and  too  heavy;  satellites  provide  a  prime  modal  communications  system 
which  b  highly  undesirable  for  tactical  purposes;  and  availability  for  tactical  operations  is  poor. 


M.  Soicher.  US 

You  mentioned  the  importance  of  frequency  management  in  circuit  reliability?  How  were  the  frequencies  vised 
chosen  at  the  various  test  sites?  How  did  you  assess  ionospheric  conditions  at  time  of  test? 

Author's  Reply 

From  the  computer  generated  frequency  predictions  (sample  given  in  paper)  a  communications  plan  was  established 
with  at  least  two  frequencies  (primary  and  alternate)  being  chosen  from  the  assigned  test  frequencies.  They  were 
chosen  based  on  the  best  predicted  probability  of  success;  However,  prior  to  any  test  tun  a  station  to  station 
"on-the-air”  sounding  was  made  to  determine  the  better  of  the  two  channels.  Therefore,  a  combination  of  a-priori 
knowledge  of  the  best  frequency  of  the  assigned  frequencies  (via  prediction  services)  and  on-'ine  limited  type 
sounding  (via  Ustcning  and  talking  over  the  channeb)  made  the  plans  workable 


Prof.  Shearman.  UK 

The  use  of  ground  wave  propagation  is  proposed  as  giving  an  alternative  to  NVIS  of  partlcuh'  value  at  ‘.lie  higher 
frequencies.  Is  the  antenna  proposed  suitable  for  thb  role?  Ground  wave  loss  b  lower  at  Ic  frequencies  and,  in 
the  daytime,  nobe  level  b  low  at  the  low  frequencies,  so  the  proposal  to  use  high  frequence  b  surprising. 

Author's  Reply 

To  answer  the  question  let  me  define  the  terms  used  whkh  may  be  misleading: 

(a)  NVIS  propagation  mode  Band  of  HF  frequencies  ( 2  to  about  lOMhr)  where  we  have  lilgh  angle  radiation 
ionospheric  supportability.  Thb  produces  terrain  independent  coverage.  Any  ground  wave  generated  is  of 
secondary  nature  a  no  tends  to  enhance  short  range  communications.  The  sky  wave  signal  b  what  is  used  for 
communications. 

(b)  Ground  wave  propagation  mode  -  Band  of  HF  frequencies  where  wc  do  not  have  NVIS  supportability  (about 
lOMhi  to  30Mlu).  Here  we  use  low  angle  radiation  to  proiuce  extended  line-of-sight  coverage  which  is  terrain 
dependent.  The  proposed  antenna  b  suitable,  but  not  optimum,  fo.  thb  purpose.  The  use  of  IIF-SSB  in  thb 
particular  mode  must  be  compand  to  that  of  the  tactical  VIIF-FM  (.10  to  88Mht)  band  to  fully  understand 
the  advantages  to  be  gained  for  array  operations.  ( Reference  1 0  of  thb  paper  provides  a  good  source). 


T.  Humboldt.  Ge 

Did  you  make  a  record  of  the  cases  when  communications  were  dbturbed  by  unintentional  interference  from  other 
stations  using  the  same  frequency?  1  have  the  feeling  (hat  thb  interference  may  sometimes  be  the  limiting  factor 
rather  than  atmospheric  or  man-made  nobe. 

Author's  Reply 

During  the  test  program  limited  lecords  were  kept  on  unintentional  Interference  from  stations  using  the  same 
frequency.  The  main  disadvantage  of  the  NVIS  communications  mode  b  in  the  area  of  non-directional  interference. 
Your  assumption  b  correct;  however,  it  b  noted  that  once  atmospheric  and/or  man-made  nobe  is  overcome  an 
acceptable  channel  as  described  in  thb  paper  can  be  established  (i.e.  6dBSNR,  A-N  70%,  with  repeats  required  to 
achieve  100ft).  To  overcome  the  nobe  high  transmitter  power  output  b  required  together  with  the  ability  to  change 
frequencies  rapidly. 


REAL-TIME  ADAPTIVE  HF  FREQUENCY  MANAGEMENT 

Dr.  Robert  B.  Fenwick 
BR  Communications 
Pest  Office  Box  61989 
Sunnyvale,  CA  94088  USA 

Mr.  Terence  J.  Woodhouse 
Tactical  Communications  Area  (AFCS) 

Langley  AFB,  VA  23685  USA 

SUMMARY 

In  1972  the  United  States  Air  force  began  a  program  aimed  at  improving  tactical  HF  com¬ 
munications.  The  approach  involved  (1)  measurement  in  real  time  of  the  important  un¬ 
knowns:  propagation,  noise,  and  spectrum  occupancy,  and  (2)  adapting  operating  frequen¬ 
cies  in  real-time  to  the  conditions  measured.  A  potential  problem  with  this  approach  is 
causing  harmful  interference  to  other  spectrum  users. - 

An  exercise  called  TROPRv  PASH  m  was  conducted  to  assess  the  ability  of  a  particular 
technique  to  permit  real-time  selection  of  frequencies  while  yieldiny  acceptably  low 
interference.  TROPHY  DASH  III  results  are  viewed  as  significant.-  First,  in  spite  of 
extensive  novif  ..cation  of  other  spectrum  users,  negligible  interference  was  reported. 

Based  upon  these  results,  real-time  adaptive  sharing  of  the  HF  spectrum  in  the  tactical 
theater  appeared  both  valid  and  feasible  for  a  limited  number  of  high-pr  ority  users, 
and  procurement  of  the  AN/TRQ-35(V)  Tactical  Frequency  Management  System  was  authorized. 

1.  INTRODUCTION 

Vigorous  efforts  to  obtain  highly  efficient  spectrum  sharing  are  vital  at  HF  given  its 
unique  combination  of  widely  varying  propagation  and  noise  conditions,  extremely  limited 
bandwidth,  and  far  beyond  line-of-sight  range..  Yet  m  many  respects  spectrum  sharing 
techniques  have  differed  little  from  those  used  for  other  parts  of  the  radio  spectrum 
where  propagat-O",  noise,  and  occupancy  can  be  predicted  with  comparatively  high  accuracy. 

Satisfactory  HF  communications  can  be  obtained  by  the  largest  number  of  users  only  if 
real-time,  adaptive  frequency  management  is  employed.  Technology  now  makes  possible 
effective  real-time,  adaptive  frequency  management  to  those  users  who  can  justify  its 
cost.  Certain  military  communicators  have  a  mission  of  sufficient  priority  to  justify 
this  expense.  While  these  military  communicators  can  undoubtedly  optimize  their  own 
communications,  the  problem  exists  of  how  they  can  choose  frequencies  while  at  the  same 
time  minimize  harmful  interference  to  other  spectrum  users.  The  new  AN/TRQ-35(V)  Tacti¬ 
cal  Frequency  Management  System  (TFMS)  has  been  designed  to  help  reach  this  goal,  and  the 
concepts  embodied  in  the  AN/TRQ-35 ,V)  have  been  tested  in  an  exercise  called  TROPHY 
DASH  III. 

2 .  DESIGN  OF  THE  TROPHY  DASH  III  EXERCISE 

2.1  Background 

Historically,  U.S.  military  exercises  have  been  preceded  by  assignment  of  the  available 
discrete  frequency  assets,  by  link,  according  to  circuit  or  net  priority.  This  system 
lacks  flexibility,  however,  in  that  there  is  no  provision,  nor  in  most  cases  any  capability, 
for  modifying  those  assignments  in  the  field  after  deployment..  Since  propagation  and  in¬ 
terference  conditions  change  constantly,  there  ’ s  no  guarantee  under  this  rigid  system 
that  the  most  important  links  will  always  have  the  best  available  frequencies.  To  make 
possible  this  kind  of  guarantee,  two  pieces  of  information  are  essential:  real-time  prop¬ 
agation  information  and  current,  as  well  as  historical,  channel  occupancy  information.  To 
obtain  this  information,  the  AN/TRQ-35 (V!  Tactical  Frequency  Management  System  has  been 
developed. 

The  intent  of  the  design  of  the  AN/TRQ-35 (V)  is  to  provide  as  complete  information  as  is 
practical  to  obtain  on  optimum  frequency  selections  and  at  che  same  time  minimize  inter¬ 
ference  to  other  spectrum  users.  Relevant  factors  measured,  and  the  techniques  employed, 
ir.  the  AN/T?.Q-35(V)  ,  are: 

Propagation  -  "Chirpsounder"  oblique  sounder 
Noise  -  "Spectrum  Monitor" 

Occupancy  -  "Spectrum  Monitor"  receiver  with 
channel-occupancy  memory 

That  the  Chirpsounder  can  provide  an  adequate  measure  of  propagation  conditions  is  widely 
accepted.  However,  whether  or  not  a  "Spectrum  Monitor"  can  determine  satisfactorily  if  a 
frequency  is  "in  use"  is  open  to  question.  To  provide  an  answer  to  this  question,  the 
TROPHY  DASH  III  exercise  was  conducted  in  earlv  1775. 

Ideally  it  would  be  desirable  from  the  military  communicators’  point  of  view  to  place  no 
frequency  restrictions  on  him.  Thin  is  unrealistic,  however,  since  under  such  conditions 
harmful  interference  would  undoubted!',  jeeur,  particularly  on  the  usually-quiet  emergency 
channels  and  on  those  channels  where  low-power  communications  take  place  —  especially 
portable/mobile.  The  frequency  assignment  process  used  in  the  TROPHY  DASH  III  exercise 


wa*  first  to  assume  that  ALL  frequencies  ware  available  for  military  use  (2-30  MHs)  — 
then  eliminate  frequencies  or  bands  of  frequencies  where  harmful  interference  was 
Judged  most  likely  to  occur. 

To  determine  what  frequencies  were  not  to  be  used,  all  U.S.  government  agencies  were 
given  the  opportunity  to  request  specific  deletions.  At  the  end  of  this  process,  70% 
of  the  2-30  MHs  spectrum  was  authorised  to  TROPHY  DASH  III  for  a  one-time  test.  This 
available  spectrum  primarily  comprised  International  Broadcasting,  Fixed,  and  parts  of 
the  Maritime  Mobile  Bands. 

2.2  Objectives 

Objectives  of  the  TROPHY  DASH  III  exercise. were:  (1)  an  assessment  of  the  feasibility 
of  using  "band*  assignments,  rather  than  specific  frequencies,  in  the  tactical  theater 
as  determined  by  the  number  and  type  of  complaints  received  from  other  spectrum  users 
and  (2)  to  arrive  at  final  specifications  for  a  TFMS  Spectrum  Monitor. 

2.3  Exercise  Configuration 

The  geographical  configuration  of  the  test  is  shown  in  Figure  1,  which  depicts  a  simu¬ 
lated  Tactical  Air  Control  System  (TAC3) .  MacDill  AFB  was  the  location  of  the  simulated 
Control  Center;  the  other  locations  communicated  only  with  the  Control  Center. 

A  Chirpsounder  receiver  and  Spectrum  Monitor  were  located  at  MacDill  AFB,  while  Chirp- 
sounder  transmitters  were  deployed  at  the  other  locations.  The  widely  varying  path 
lengths  were  selected  to  enable  assessment  of  the  Spectrum  Monitor ability  to  determine 
occupancy  at  varying  distances. 

Figure  2  shows  block  diagrams  of  the  equipment  used  at  the  various  test  locations.  Full- 
duplex,  ISB  communications,  1  kW  or  2.5  kW,  took  place  on  all  three  paths,  SA9b  emission 
throughout  the  test,  using  intermittent  voice  on  one  sideband  and  continuous  16-tone 
multiplex  teleprinter  signals  on  the  other  sideband. 

2» 4  Exercise  Schedule 

The  exercise  was  conducted  24  hours  per  day,  for  five  days,  in  January/Febr uary  1975. 

The  schedule  called  for  changes  of  both  frequencies  on  each  duplex  link  every  30  minutes 
in  order  to  maximise  spectrum  usage.  In  addition,  it  was  felt  that  some  spectrum  users 
slight  not  report  intermittent  voice  interference.  Hence  voice  and  teleprir ter  sidebands 
were  interchanged  15  minutes  into  the  half-hour  spent  on  each  frequency.  voice  iden¬ 
tification  statement  was  transmitted  at  least  once  every  15  minutes. 

2.5  TFMS  Characteristics  and  Operating  Procedures 

During  the  test  period,  TFMS  personnel  monitored  the  propagation  and  interference  con¬ 
ditions  over  the  three  HF  links  across  the  bands  of  frequencies  authorized  for  test  use. 
Operating  frequencies  were  chosen  within  these  bands  on  the  basis  of  propagation  quality 
and  freedom  from  interference  at  the  test  network  terminals,  in  order  to  optimize  com¬ 
munications  over  the  test  links.  Complete  logs  of  the  operation  were  kept. 

Chirpsounder  information  was  used  to  auiintain  the  highest  possible  signal-to-noise  ratio 
on  each  path.  As  much  as  possible  MacDill  transmit  frequencies  were  kept  below  the  cor¬ 
responding  receive  frequencies  on  each  path  to  ensure  that  "MUF  failure*  did  not  result 
in  the  loss  of  frequency  control  from  MacDill.  Figure  3  illustrates  the  Chirpsounder 
transmitters  and  Figure  4  the  receiver  in  their  final  AN/TRQ-35 (V)  package.  Basic  spec¬ 
ifications  are  given  in  Tables  I  and  II,  respectively,  and  sample  record  is  shown  in 
Figure  5,  illustrating  the  capability  of  the  Chirpsounder  to  separately  measure  mode 
structure  (i.e.,  line-of-sight,  surface-wave,  sporadic  E,  E-layer,  F-layer,  and  multiple- 
hop  modes)  and  received  power  at  all  frequencies  within  either  2-16  or  2-30  MHs. 

Spectrum  usage  information  was  provided  by  a  specially  built  "breadboard”  Spectrum  Monitor 
which  was  designed  to  measure  spectrum  occupancy  in  the  2-20  MHz  frequency  range  (pro¬ 
duction  version  2-30  MHz) .  This  frequency  range  was  divided  into  6000  ‘channels”  of 
6  kHz  width  (typical  occupancy  of  the  AN/TSC-60 (V)  communications  systems  in  ISB  mode) 
and  3  kHz  spacing  of  center  frequency.  The  TD  III  spectrum  monitor  measured  the  ampli¬ 
tude  of  signals  in  each  of  the  6000  channels  each  12  seconds,  at  which  timo  it  was 
determined  which  of  four  adjustable  amplitude  thresholds  had  been  crossed.  Statistics 
of  threshold  crossings  up  to  30  minutes  old  were  compiled  by  a  minicomputer  an  displayed 
on  a  CRT  having  a  TV- raster  format. 

The  Spectrum  Monitor  of  the  AN/TRQ-35(V)  does  not  differ  significantly  in  important 
specifications  from  the  TROPHY  DASH  III  "breadboard”  other  than  for  expanded  frequency 
coverage.  The  R-2093  Spectrum  Monitor  is  shown  in  Figure  6,  and  bcsic  specifications 
are  given  in  Table  III.  Figure  7  shows  examples  of  the  displays  and  data  obtained  during 
TROPHY  DASH  III,  which  depict  percent-of-time  each  amplitude  threshold  has  been  exceeded 
in  a  30-minute  period.  The  lowest  threshold  is  typically  3  dB  above  atmospheric  noise. 
Display  widths  of  100  kHz  and  500  kHz  are  available,  as  shown. 


TABLE  I 


BASIC  ELECTRICAL  SPECIFICATIONS  OF 
T-l J73/TRQ- J5lV  )  CHIRPSOUNDER  TRANSMITTER 


Frequency  Range 

2-16  or  2-30  MHz 

Output  Waveform 

linear  FM-CW 

Sweep  Rates 

50  kHz/sec  (2-16  MHz) 

100  kHz/sec  (2-30  MHz) 

Transmitting  Times 

selectable  transmlt/no  transmit  each 

5  minutes  In  1  hour 

Output  Powei 

0.2W  or  2V  antenna  dlplexed; 

10W  or  100W  diiect  into  antenna 

Noise  and  Spurious 
(non-harmonic) 

>55  dB  below  fundamental  measured  in 
10  kHz  bandwidth  >150  kHz  from  funda¬ 
mental 

Harmonics 

>60  dB  below  fundamental 

Frequency  Blanking 

16  frequency  bands  30  kHz  wide  may  be 
programmed  as  no  transmit 

C  If  Test 

ti'St  of  synthesizer  lock  and  standby 
battery  supply 

TABLE  II 

BASIC  ELECTRICAL  SPECIFICATIONS  OF 
R-208I/TRQ-35(V)  CHIRPSOUNDER  RECEIVER 


Frequency  Range 

Input  Waveform  and 
Sweep  Rates /Format 

Number  of  Transmitters  Received 

Time  Delay  Window 

Time  Delay  Resolution 

Time  Synchronisation  with 
Transmitter 

Propagation  Data  Displays 

Self  Test 


2-lo  or  2  10  Mbs 


compatible  with  transmitter 

can  be  programmed  to  automatically 
receive  and  store  data  from  up  to 
three  Chirpsounder  transmitters 

10  msec  (2-16  MHs);  5  msec  (2-30  MHs) 

100  nsec  nominal  (2-16  MHzj 


automatic  if  sweep  started  within 
+  1  sec  of  the  transmitter 

(1)  RF  signal  level  vs.  frequency  over 
60  dB  range  above  -110  dBm 

(2)  time  delay  vs.  frequency  stored 
for  up  to  3  paths 

test  of  receiver  sensitivity,  synthe¬ 
sizer  lock,  audio  spectrum  analyzer, 
CRT  display  and  standby  battery  supply 


TABLE  III 


BASIC  ELECTRICAL  SPECIFICATIONS  OF 
R-2093/TRQ-35(V)  SPECTRUM  MONITOR 


Frequency  Range  2-30  MHz 

Number  of  Frequencies 
("Channels")  Analyzed  9333 


Channel  Spacing 


3  kHz 


Analysis  Bandwidth  (3  dB) 

Analysis  Filter  Shape  Factor 
(60:3  dB) 

Type  •-{  Analysis 

Data  Memories 

Threshold  Adjustment  Range 

Lowest  Threshold  Level 

Period  Between  Amplitude 
Samples,  per  Channel 

Channel  Sampling  Interval 

Spurious  Responses 


Monitor  Modes 
Monitor  Tuning 
Display  Type 

Display  Formats 


Display  Frequency’  Fange 


Display  Indicators 


Computer  Fault 
Self  Test 


6  kHz 


2.0  maximum 

analytes  frequency  of  occurrence  of 
crossings  of  4  received-power  thresh¬ 
olds  spaced  by  10  ub  +  1  dB 

last  10  sec,  current  5  minutes,  las. 
complete  5  minutes,  last  30  minutes 

lowest  threshold  automatically  adjusted 
from  -110  dBm  to  -62  dBm  in  3-dB  steps 

in  most  sensitive  setting  lowest  thresh¬ 
old  is  typically  3  dB  above  background 
noise  level 


11  sec  nominal 
3.2  msec 

response  to  two  -30  dBm  signals  <-110  dBm 
outside  ±  150  kHz  of  each  signal;  response 
to  one  -40  dBm  signal  <-110  dBm  outside 
+  30  kHz  of  signal 

audio  monitoring  of  l SB,  LSB,  AM,  FM 

+  3  kHz  from  indicated  center  frequency 

Bar  graphs  of  refreshed  5"  CRT  (TV  raster 
display,  refresh  rate  >50/sec! 

"CURRENT"  giving  most  recent  thresholds 
crossed;  updated  each  10  seconds 

"CURRENT  5  MIN"  giving  histogram  for 
each  threshold  during  current  5  minute 
block 

"LAST  5  MIN"  giving  percent  of  time 
threshold  crossed  in  last  5  min  block  - 
the  final  values  in  "CURRENT  5  MIN" 

"LAST  30  MIN"  gives  percent  of  time  each 
threshold  crossed  in  last  30  min,  weighted 
to  favor  more  recent  data;  rise  and  decay 
approximates  exponential  with  7  min  time 
constant 

Selectable  between  nominal  100  kHz 
(33  channels)  and  nominal  500  kHz  (167 
channels) 

Digital  indication  of  center  freiuency 
on  CRT;  signal  threshold  in  dBm  of 
CURRENT  scan;  digital  indication  of  faults 
found  in  memory  and  receiver  tests 

Red  switch  light  indicating  computer  fault 

test  of  receiver  sensitivity,  memory,  and 
battery  supply 


The  procedure  used  at  the  time  of  each  frequency  chanqe  (which  occurred  every  5  minutes 
throughout  the  test  —  6  links,  each  charged  evei y  30  minutes)  was  as  follows: 

a.  Determine  from  Chirpsounder  data,  duplex  separation  requirements,  and 
“MacDill  frequency  lower"  requirement  in  which  500  kHz  band  the  assign¬ 
ment  is  required.  Figure  5  shows  a  sample  sounder  display  which  was 
used  for  this  purpose.  Note  that  the  display  is  in  two  parts:  the 
upper  portion  depicts  received  signal  strength  and  the  lower  shows  prop¬ 
agation  mode  information..  Opera*  i  >  i  frequencies  were  chosen  on  the 
basis  of  maximum  amplitude  (first  p  rority)  and  minimum  multipath,  with 
a  bias  toward  higher  frequencies  to  maximize  signal -to-noise  ratio. 

b.  Set  center  frequency  of  spectrum  monitor  to  center  of  500  kHz  band  ar.d 
call  up  CURRENT  5  MIN  display  for  i-'west  threshold. 

c.  Identify  frequency  or  frequencies  where  threshold  is  exceeded  a  small 
fraction  of  the  time  (say  5%  ci  less) . 

u.  Verify  that  candidate  frequency  is  within  assigned  band.  If  not,  find 
another  which  is,  using  above  procedure.. 

e.  Switch  to  100  kHz  display  and  center  candidate  frequency  display.; 

f.  Switch  display  to  LAST  5  MIN  and  verify  no  occupancy  m  this  period., 

g.  Switch  display  to  30  MIN  and  verify  no  occupancy  in  this  period. 

h.  Switch  display  to  CURRENT  and  verify  no  present  occupancy.. 

i.  Request  operator  at  distant  end  of  circuit  to  verify  no  occupancy 
on  c  r.diaate  channel,  using  his  spare  receiver  of  the  AN/TSC-60  (V) .- 

3..  If  favorable  report  is  received  from  distant  operator,  change  to 
new  frequency. 

2.6  Effectiveness  Criteria 

Several  indicators  were  considered  as  test  success  criteria.-  First,  of  course,  com¬ 
munications  of  high  quality  should  be  obtained  at  all  times.  Second,  th«  number  of 
complaints  received  from  other  spectrum  users  was  considered  an  indication  of  the 
viability  of  the  spectrum  sharing  concept.  Ml  agencies  on  the  U.S.-  Interdepartment 
Radio  Advisory  Committee  were  advised  of  the  test  and  several  gave  special  notification 
to  their  subordinate  units.  Some  of  the  U.S.  Government  spectrum  users  initiated 
special,  frequency  watch  procedures  in  order  to  piovide  contact  reports  *0  the  test  team 
in  the  event  one  of  their  frequencies  was  used.  A  special  telephone  number,  directly 
into  the  TFMS  van  and  manned  continuously  by  test  team  personnel,  was  made  known  to  all 
IRAC  members  in  order  to  facilitate  the  interference  reporting  procedure. 

3 .  RESULTS  AND  CONCLUSIONS 

Figure  8  shows  examples  of  i onograms  obtair.eu  during  the  test  on  the  three  paths. 

Note  at  the  top  of  Figure  8  the  change  in  Maximum  Observed  Frequency  from  9.3  MHz 
at  0300  to  approximately  13  MHz  an  hour  and  15  minutes  later,  a  change  of  almost  -1  MHz.. 

The  predicted  MUF  (obtained  from  standard  prediction  techniques)  changed  less  than  400 
kHz  during  this  period. 

Figure  8c  illustrates  an  occurrence  encountered  fiequently  during  TROPHV  DASH  III.-  The 
sporadic-E  propagation  shown  in  Figure  3c  made  possible  transmission  at  much  higher  fre¬ 
quencies  than  predicted  for  that  time  of  day  —  up  to  12  MHz  could  have  been  used  when 
the  predicted  MUF  was  only  4.4  MHz.  In  contrast,  Figure  8d  shows  r  layer  propagation 
which  was  almost  one  MHz  (nearly  25M  below  the  predicted  MUF  for  that  time  o'  day. 

Figure  8e  again  shows  propagation  via  sporadic  E  of  frequencies  in  excess  of  8  MHz  (the 
predicted  MUF  was  4  MHz).  Note  the  contrast  with  normal  daytime  conditions  in  figure  8f. 

All  of  these  illustrations  have  two  tnmgs  m  common:  they  document  propagation  con¬ 
ditions  which  were  typical  durinq  the  test,  and  the  real-time  information  shown  differs 
substantiai ly  from  the  predicted  values.  Without  the  real-time  information  provided  by 
the  sounder  these  propagation  conditions  would  never  have  been  fullv  exploited  in  support 
of  communications,  and  optimum  spectrum  usage  would  not  have  been  possible. 

At  no  time  durinq  TROPHY  DASH  III  was  theie  a  circuit  outage  due  to  propagation  or  inter¬ 
ference.  Signal-to-noise  ratios  were  very  high  at  all  times.;  Also,  at  no  time  was  intei - 
fexence  from  other  spectrum  users  experienced  or.  any  channel. 

Tt  was  concluded  that  use  of  a  single  Spectrum  Monitor  is  satisfactory  m  a  theater  of 
diameter  ot  a  few  hundred  km,  where  operation  is  conducted  be.ow  the  vertical -incidence 
critical  frequency,  but  for  paths  outside  this  area  (e.g.,  the  1~60  km  Altus  path  ot  the 
test)  spectrum  monitoring  should  be  performed  at  both  ends. 
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During  the  test, 1049  frequency  changes  were  made  usinq  745  discrete  center  frequencies. 

In  spite  of  this  expanded  use  of  normally  unavailable  spectrum,  only  two  valid  inter¬ 
ference  reports  were  received  --  both  involving  receiving  stations  monitoring  quiet 
channels.  In  addition,  two  invalid  interference  reports  were  received  (i.e.-,  the  inter¬ 
ference  was  being  caused  by  someone  else).  Based  upon  these  results  it  has  been  con¬ 
cluded  that  a  spectrum  sharing  scheme  similar  to  that  employed  on  TROPHY  DASH  III  would 
be  feasible  in  the  tactical  theater  for  units  equipped  with  a  TPMS. 

Durinq  TROPHY  DASH  III,  a  24  hour  study  was  undertaken  to  determine  tne  aval  labi ity  of 
assigned  tactical  traimnq  frequencies.  A  total  of  56  HF  frequencies  were  assigned  to 
USAF  Tactical  Air  Command  (TAC)  which  could  have  been  used  by  the  test  team  without  the 
special  U.S.  government  authorization. 

Each  hour, the  Chirpsounder  was  used  to  determine  the  limits  of  the  propagation  window. 
Then,  all  of  the  TAC  frequencies  that  fell  within  this  window  were  investigated  using 
the  spectrum  monitor  to  determine  how  many  of  them  were  unoccupied,  and  were  therefore 
available  for  use  on  a  non-interference  basis.  The  results  are  illustrated  by  Figure  9. 
During  the  24-hour  period,  there  were  six  hours  when  none  of  the  56  authorized  fre¬ 
quencies  wore  available  to  Altus.  A  similar"  condition  existed  for  six  hours  to  Robins 
and  for  seven  hours  co  Homestead.-  For  t’-ree  of  the  24  hours,  no  frequencies  were  avail¬ 
able  intei ference- free  to  any  of  tne  sites.  During  an  a-tuai  exercise  where  only  TAC 
frequencies  were  available  the  situation  would  have  been  far  worse,  as  the  average  ex¬ 
ercise  has  6  to  10  duplex  HF  links  to  support  with  the  same  number  ->f  frequencies,  in¬ 
stead  of  only  three  as  operated  on  TROPHY  DASH  III.  It  can  therefore  be  concluded  that 
the  seemingly  generous  frequency  assignments  normally  available  to  support  this  kind  of 
exercise  operation  —  even  when  as  few  as  three  links  are  used  —  are  inadequate  t f  harm¬ 
ful  interference  is  to  be  avoided. 

From  the  results  of  TROPHY  DASH  III  it  can  be  concluded  that  the  concept  of  sharing  Jr  he 
HF  spectrum  in  a  ;,anner  similar  to  that  used  during  the  test,  is  not  only  feasible  but 
is  necessary  and  viable  in  the  tactical  environment.-  The  test  demonstrated  that  m 
spite  of  heightened  awareness  on  the  part  of  the  government  sector  of  HF  users,  this 
sharing  of  frequencies  can  be  accomplished  with  a  minimum  of  interference.  The  concept 
of  this  type  of  sharing  is  very  attractive  in  that  it  makes  more  efficient  use  of  a  scarce 
global  resource. 

Aspects  which  need  to  be  defined  in  follow-on  testing  programs  include  sharing  limita¬ 
tions.  the  possible  need  for  automation  (expanded  effectiveness  vs  cost),  the  ramifica¬ 
tions  of  operating  more  than  one  TFMS  in  a  theater  and  the  interfaces  required  by  such 
a  configuration,  the  practical  security  advantages  of  frequency  changes  made  possible 
by  the  TFMS,  and  the  possible  EC'M/ECCM  applications  of  the  Spectrum  Surteillance  Mon  i*- or* 
It  appears  that  implementation  oc  the  TFMS  sharing  concept  if.  one  means  of  achieving  at 
the  theater  level  t.he  U.S.  policy  of  more  effective  management  of  the  frequency  resource. 

4 .:  SUBSEQUENT  OPERATION  OF  AN/TRQ-35(V) 

Since  the  completion  of  TROPHY  DASH  III  the  AN 'TRv-35  (V)  has  boom  a  p.a*-t  of  the  USAF 
inventory  and  has  been  used  with  great  success  by  all  of  .-he  fou  l".S.  military  services. 
Applications  have  included  ground-ground,  air-ground,  ship-shoie,  and  ship-ship  com¬ 
munications  .  Figures  10-15  show  typical  data  obtained  by  the  AN/TRQ-3:  O')  in  these 
various  applications. 
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Fig.  1  O.eometrv  of  TROPHY  DASH  III  Exercise.  TFMS  receiving 
hardware  was  located  at  MacDill  AFB 


Fi«.4  R-208 1  /TRy-J5(Vl  Chirpsouiuler  receiver 


BEST’  FREQUENCY  6.1  MHi 
(High  amplitude,  one  mode,  high  frequency) 


1-HOPEs  MODE 

l.HOPF  MODE 


FREQUENCY  (MHz) 


Fig-5 
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record  made  by  Chirpwunder  receiver 


Fig.  6  R-2 


:0<>3/TRQ-35<V)  spectrum  monitor 
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Fig.  1 1  Example  of  day-to-day  variability  of  propagation,  records  made  in 
Denmark.  Sktydstrup-Vandel  path.  1100  LT  on  15  and  1(>  October  I ') 7 6 


Fig.  1 3  F  sample  of  Furopean  nighttime  spectrum  occupancy  measureinent 
with  R-2043  spectrum  monitor.  Helgium.  20 *0  1.1.  25  Octobei  1^77 


1910Z  200  km 


Fig. 14  F  sample  of  ground-to-an  Ourpsoundtng.  (roughton.  1  ngland.  to 
aircraft  ,FC-I3SK)  Note  range  change  with  tune  of  the  line-of-Mght  mode' 

(lowest  trace) 


1800  GMT  —  6000  KM 


5  APRIL  1978 


Fig.  1 5  l:\jtnplc  of  long-path  ('liirpsounder  record :  !  800  CM  I ,  Sultanate 
of  Oman  Ft'gland.  (>000  km.  5  April  l'>~8 


DISCUSSION 


Prof.  Shearman.  UK 

The  approach  to  channel  selection  adopted  in  the  papei  is  to  see  whether  the  channel  was  received  at  the  receiving 
station  of  the  system  is  dear  of  interference.  However,  this  tc»t  does  not  guarantee  that  transmission  on  this 
frequency  will  avoid  intei Terence  with  a  lemote  receiver  For  instance  if  that  remote  receiver  is  listening  to  a 
transmitter  within  the  skip  range  of  our  station,  we  will  only  receive  weak  back-scattered  signals  and  may  consider 
the  channel  clear. 

Author's  Reply 

While  freedom  from  interference  cannot  be  guaranteed  by  the  method  proposed  tin-  probability  of  interference 
is  greatly  reduced  by  the  feature  of  statistical  compilation  over  a  30  minute  ncriod  In  the  method  proposed  it  has 
been  recommended  that  spectrum  monitors  be  deployed  at  both  ends  of  a  path  il  operation  is  to  be  above  the 
verticai-iiicidehce  critical  frequence  Nine  further  mat  a  channel  appears  as  "occupied  if  signal-to-noise  ratio 
exceeds  3dB  in  a  (>h!lz.  bandwidth,  finis  ground  backscatter  from  beyond  the  skip  zone  will  very  frequently  be 
received  and  displayed  by  the  spectrum  monitor  in  the  situation  described  by  Prof.  Shearman 


6-1 


ASSESSMENT  OF  HF  COMMUNICATION:,  RELIABILITY 

ty 

N.  M.  Mailin 

Radio  and  Navigation  Department. 

Roy«a  Aircraft  Establishment 
Farnborough,  Hampshire,  England 


SUMMARY 

The  concept  of  circuit  reliability  for  an  HF  sky-wave  link  is  discussed.  Its  frequency  dependence 
is  considered  together  with  the  relationship  to  the  median  received  signal -to-noise  ratio  for  a  given  HF 
circuit.  The  importance  of  a  study  of  this  kind  is  the  ability  to  be  able  to  quantify  changes  that  could 
be  made  in  an  HF  circuit,  in  terms  of  reliability  improvements,  and  hence  to  make  decisions  of  the  cost 
effectiveness  of  increasing  transmitter  power,  antenna  efficiencies,  directional  antenna  design,  etc. 

This  study  should  prove  particularly  useful  for  HF  communications  to  mobiles  such  as  ships  or  aircraft. 
High  transmitter  powers  and  high  gain  antennas  of  point-to-point  land  fixed  HF  communication  circuits  are 
not  available  and  the  power  budget  is  more  critical.  Furthermore,  cost-effective  improvements  are  often 
of  prime  concern  when  a  Targe  number  of  shipbome  or  airborne  equipments  are  involved.  The  assessment  of 
( oomunicaticns  r- liability,  particularly  to  military  aircraft,  can  have  an  important  bearing  upon  mission 
effectiveness. 


I  INTRODUCTION 


High  frequency  (i-30  MHz)  radio  waves  that  nropagate  via  the  ionosphere  are  used  extensively  for  long 
range  point-to-point  communications  and  broadcasting.  Circuit  planners  need  to  know  what  frequency  ranges 
their  systems  should  be  capable  of  covering,  what  transmitter  powers  are  necessary  to  overcome  the  back¬ 
ground  noise  at  the  receiver,  and  what  antenna  configurations  would  be  most  suited  to  the  applications 
required.  These  are  all  factors  dictated  by  propagation  considerations  and  long  term  prediction  techniques 
are  available  for  this  purpose  (BKADIEY,  F.A.,  1975;  BARCLAY,  L.W. ,  1974).  Characteristics  of  such  links 
have  consequently  been  extensively  studied;  commercial  services  are  available  for  prediction  of  optimum 
working  frequencies  and  quality  of  conanunications  at  these  frequencies.  Most  point-to-point  land  fixed  HF 
communication  circuits  use  high-gain  rhombic  or  log-periodic  antennas,  whilst  arrays  of  horizontal  dipoles, 
also  with  significant  directivity,  are  popular  for  broadcasting  using  the  sky-wave  mode.  In  principle, 
therefore,  the  capability  of  these  links  may  be  optimised  by  good  engineering  design  and  practice  in  respect 
of  the  equipment  and  antenna  systems,  whilst  powerful  transmitters  are  often  available. 

Much  more  difficult  problems  are  presented,  however,  by  HF  cosxounication  to  mobiles  such  as  ships  or 
aircraft,  and  some  examples  of  air-ground  links  are  given  later..  Often  communication  is  required  at  ranges 
from  a  few  kilometres  to  several  thousand  kilometres  over  a  wide  variety  of  terrain,  and  this  implies  dif¬ 
ferent  modes  of  propagaticn  according  to  range.  Difficulties  arise  from  the  physical  constraints  which  are 
placed  upon  the  aircraft  antenna,  from  serious  excess  noise  as  well  as  from  additional  multipath  propaga¬ 
tion  mechanisms  and  Doppler  frequency  shifts.  To  achieve  satisfactory  results  over  an  HF  link  of  this  kind, 
careful  consideration  must  be  given  to  the  terminal  radio  equipment,  the  plannipg  of  operational  links  and 
the  management  of  the  frequency  to  be  used  over  those  links. 

Faced  with  problems  of  this  complexity,  the  communications  system  analyst  seeks  to  isolate  a  number 
of  problem  a-eas  for  study.  This  paper  endeavours  to  clarify  the  steps  necessary  to  evaluate  the  relia¬ 
bility  of  an  FF  link  and  shows  the  value  of  such  an  assessment  for  air-to-ground  cosmunication  links  in 
which  sources  of  degradation  in  the  circuit  can  be  very  troublesome.  It  does  not  specifically  address  thr 
problems  caused  by  multipath  features,  time  and  frequency  dispersion  and  the  conclusions  reached  applv 
assuming  that  such  effects  are  not  major.  It  is  hoped,  however,  that  the  following  procedure  may  help  thf 
communications  engineer  to  decide  what  improvements  are  needed  and  how  they  can  be  made  in  the  nest  cost 
effective  manner. 

2  CONSIDERATIONS  FOR  THE  TOTAL  ASSESSMENT  PROBLEM 


A  typical  radio  communication  circuit  is  required  to  perform  a  function.  Usually  this  function 
involves  the  transmission  of  information  from  one  location  to  another.  Hie  measurement  of  how  well  the 
circuit  performs  involves  both  the  volume  of  information  that  can  be  transmitted  during  a  given  period  of 
time  as  well  as  the  accuracy  with  which  the  input  information  is  reproduced  at  the  output. 


We  wish  to  maximise  information  transfer  rate,  and  minimise  the  required  transmitted  power.  Nature 
and  man  are  the  sources  of  all  engineering  problems.  Effects  of  nature  are  centred  upon  the  existence  of 
the  Earth  and  its  environment  within  the  universe  and  solar  system.  Electrical  noise  impinging  upon  the 
Earth  from  solar  and  cosmic  sources  establish  an  ultimate  bound  on  the  information  that  can  be  conveyed 
throughout  the  HF  radio  spectrum.  This  bound  is  modified  by  radiation  from  no' sc  sources  within  the  tropo¬ 
sphere,  the  terrestrial  environment  and  primarily  from  man-made  radio  frequency  sources.  Long-term  charac¬ 
teristics  of  this  noise  affect  the  required  transmission  power  whilst  short-term  characteristics  determine 
bow  the  signal  should  be  designed  and  detected  to  convey  the  desired  information. 


Fig  I  shows  a  concept  of  a  communication  circuit.  The  message  is  inserted  in  the  trannaicter  system 
where  it  becomes  part  of  the  modulation  of  an  EM  wave  radiated  from  the  transmitting  antenna.  The  receiv¬ 
ing  antenna  picks  up  only  an  infinitesimal  amount  of  the  power  radiated  as  well  as  unwanted  radiations  from 
many  interfering  sources.  The  ratio  of  the  power  inpur  at  the  terminals  of  the  transmitting  antenna  to  the 
resulting  signal  pever  available  at  the  receiving  antenna  is  known  as  the  system  loss. 
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The  receiver  itself  contributes  some  thermal  noise  although  at  HF  the  receiver  noise  is  not  usually 
the  limiting  factor. 

At  the  receiver  output  the  signal  carrying  the  desired  information  must  be  of  sufficient  energy  rela¬ 
tive  to  all  of  the  unwanted  signals  and  noise  combined  to  provide  for  a  sufficiently  faithful  reproduction 
of  the  original  message.  There  are  many  sources  of  RF  interference  and  noise.  Some  are  in  a  sense  control 
table  from  the  standpoint  of  adequate  receiver  design  and  siting,  whilst  others  are  likely  to  bo  present  in 
all  cases.  After  allowance  for  the  system  loss,  sufficient  transmitter  power  must  be  used  to  overcome  the 
combined  effect  of  all  of  the  sources  of  unwanted  RF  power  at  the  receiver.  Diversity  transmission  and 
reception  depends  upon  the  degree  of  similarity  in  fading  occurring  simultaneously  on  propagation  paths 
separated  by  space  or  frequency  or  with  different  polarisations.-  As  modulation  bandwidths  are  increased, 
selective  lading  becomes  more  of  a  problem. 

To  transmit  information  it  is  necessary  to  modulate  the  fundamental  operating  frequency  of  the  trans¬ 
mitter.  Regardless  of  whether  t'-e  modulating  signal  is  digital  or  analogue,  or  whether  amplitude,  fre¬ 
quency  ,  phase  or  other  type  of  modulation  is  uss-i,  the  output  signal  contains  many  frequency  components 
other  than  the  fundamental . 

A  given  communication  system  can  only  be  as  effective  as  the  weakest  link  in  the  chain  from  transmit¬ 
ter  to  receiver.  In  the  case  of  air-ground  systems,  therefore,  the  ground  terminal  is  just  as  important 
as  the  aircraft  terminal,  and  must  be  specified  accordingly.  Since  there  are  likely  to  be  many  mote  air¬ 
craft  than  ground  stations,  and  all  airborne  electronic  equipment  penalises  the  aircraft  performance 
because  of  its  mass,  volume  and  power  consumption,  it  is  important  to  keep  the  complexity  of  the  airborne 
communication  terminal  as  low  as  possible. 

It  may,  of  course,  be  expensive  to  realise  communication  reliability  targets  and  cost-effectiveness 
studies  must  be  carried  out.  This,  in  turn,  implies  a  subsidiary  study  relating  communications  reliability 
to  mission  effectiveness.  The  main  factors  which  degrade  reliability  need  to  be  identified.  Assessments 
can  then  be  made  of  reliability  improvement  which  may  be  achieved  by  realistic  modifications  to  the  total 
air  and  ground  systems. 

In  the  initial  planning  atages  it  is  important  to  have  an  overall  picture  of  the  HF  link.-  This  mav 
be  obtained  from  a  power  level  diagram,  such  as  shown  in  Fig  2.  The  vertical  axis  is  scaled  in  power,  the 
horizontal  axis  is  arbitrarily  scaled  but  progresses  from  left  to  right  as  one  goes  from  the  transmitter 
output  power  Pf  via  the  propagation  path  to  the  receiver  input.  Gains  are  indicated  by  positive  slopes, 
leases  by  negative  sloper,  The  space  between  the  broken  lines  drawn  parallel  to  the  horizontal  axis  repre¬ 
sents  signal-to-noiae  ratio  prior  to  the  receiver  demodulator.  Fig  2  shows  a  long  range  sky-wave  propaga¬ 
tion  path  at  night.  Note  that  although  the  propagation  losses  are  similar  for  A  MHz  and  9  MHz,  the  overall 
signal  power  at  4  MHz  is  reduced  due  to  the  poorer  aircraft  antenna  radiation  efficiency.  Fig  2  clearly 
shows  that  the  9  MHz  frequency  would  be  satisfactory  with  a  signal-to-noise  ratio  of  about  2b  dB;  the  4  MHz 
frequency  would  be  totally  unacceptable,  however. 

3  BASIC  DEFINITIONS  AND  CONCEPTS 

3.1  Sky-wave  availability 

The  upper  limiting  frequency  of  sky-wave  propagation  is  governed  by  the  distribution  of  electron  con¬ 
centration  along  the  propagation  path.  This  upper  limit  is  known  as  the  maximum  usable  frequency  (MUF)  and 
may  be  considered  as  the  maximum  frequency  of  a  wave  capable  t.f  propagating  over  a  given  sky-wave  path. 
Because  the  properties  of  the  ionosphere  exhibit  temporal  variations,  the  MUF  continually  fluctuates;  but 
predictions  of  ionospheric  conditions  are  based  upon  monthly  median  conditions  and  some  allowance  must  be 
made  for  day-to-day  variability.  Thus  the  predicted  MUF  is  defined  as  that  frequency  for  which  signals  are 
expected  to  be  available  for  502  of  the  days  at  a  given  hour  within  a  given  period,  usually  a  month.  It  is 
denoted  here  by  tn  A  note  of  caution  should  be  made.  The  MUF  concept  can  only  be  considered  an  approxi 
mat ion  since  many  factors  can  lead  to  errors  in  estimates  of  the  MUF.  For  example,  when  the  ionosphere  is 
highly  structured  spatially  the  HF  signal  may  not  disappear  completely  when  the  frequency  is  above  'the  MUF 

The  sky-wave  availability  Q  is  defined  as  the  percentage  probability  that  radio  signals  can  propa¬ 
gate  at  a  given  hour  eve.;  a  given  sky-wave  path.  It  may  be  derived  in  terms  of  the  statistics  of  the  day- 
to-day  variations  of  the  huF. 

3.2  Variation  of  received  signal-to-noise  ratio 

The  transmission  loss  of  an  HF  sky-wave  propagation  path  depends  upon  a  number  of  factors,  and  these 
can  have  implications  on  various  aspects  of  the  communication  link.  Day-to-day  variations  in  the  electron 
concentration  within  the  E  and  F  regions  of  the  ionosphere  influence  the  direction  which  a  given  ray 
path  takes  through  the  ionosphere  to  reach  the  receiver.  These  fluctuations  in  ra.'  path  direction  may,  in 
turn,  change  the  effective  gains  of  the  transmitting  and  receiving  antennas.  Different  ray  path  directions 
can  produce  different  effects  of  focusing,  spatial  attenuation,  sporadic  E  losses,  polarization  losses 
and  multipath  phenomena.  Changes  of  electron  concentration  in  the  D  and  E  regions  can  greatly  affect 
the  value  of  ionospheric  absorption.  Day-to-day  variations  may  also  be  proauccd  in  atmospheric  noise  inten 
sities  by  these  mechanisms. 

The  monthly  median  value  of  the  mean  aignal  power,  S  ,  for  a  particular  mode  may  be  combined  with  the 
monthly  median  of  the  mean  noise  power.  No  •  within  a  1  Hz  bandwidth  to  produce  an  cstiraate  of  the  monthly 
median  value  of  S/No  >  the  signal-to-noise  ratio  in  a  I  Hz  bandwidth.  From  a  knowledge  of  the  day-to-day 
variability  of  the  signal  and  the  noise  it  is  then  possible  to  determine  the  probability  of  exceeding  some 
specified  required  S/No  ratio.  He  shall  denote  by  F  the  percentage  probability  that  rhe  mean  received 
S/No  >  whose  monthly  median  is  Rg  ,  is  above  some  specified  level  Rq  . 


3.3  Circuit  reliability  factor 


thia  ia  defined  (CC1R,  1974a)  at  the  fraction  of  day*  that  aucceaaful  communication  nay  be  expected 
at  a  given  hour  within  the  month  at  a  apecific  operating  frequency.  The  circuit  reliability  factor  ia 
baaed  upon  monthly  median  eatimatea  of  propagation  parameters  and  their  distributions  and  represents  the 
fraction  of  days  in  the  month  at  the  given  hour  that  successful  communication  ia  expected. 

The  primary  factor  in  determining  the  circuit  reliability  is  the  long  term  median  S/N0  rat.o.  This 
ia  directly  associated  with  a  grade  of  service,  which  in  turn  defines  the  type  of  communication  desired; 
for  example,  the  percentage  of  error-free  messages  in  teletype  transmissions  or  the  intelligibility  of 
voice  transmissions.  A  minimum  required  S/Ho  ratio  is  associated  with  the  desired  grade  of  service. 

This  ratio  depends  upon  many  factors  such  as  modulation  index,  signalling  rates  and  codes  and  includes 
effects  of  fading,  error-correcting  schemes,  optimum  modulation  end  detection  techniques  and  diversity 
schemes. 

Mathematically,  the  circuit  reliability  factor  can  be  expressed  (MASLIN,  N.M.,  1978)  as  a  dimension¬ 
less  quantity  p  given  by 

p  -  QP/100 

where  p,  Q,  P  are  expressed  as  percentages.; 

3.4  Dependence  of  reliability  on  frequency 

The  magnitude  of  p  depends  ultimately  upon  two  opposing  effects: 

(i)  P  increases  with  increasing  frequency,  lor  a  given  sxy-vave  path  the  higher  the  frequency 
the  less  the  absorption  and  the  less  the  received  noise;  hence  the  greater  the  received 
S/No  tatio.- 

(ii)  Q  decreases  with  ncreasing  frequency.  The  higher  the  frequency  the  less  the  chance  there  is 
of  ionospheric  reflection  at  that  ftoqueiu-y. 

A  typical  variation  of  reliability  with  frequency  is  shown  in  Fig  3. 

3.5  Effect  of  signal-to-noise  on  reliability 

Consider  now  the  effect  of  increasing  the  received  S/Ng  ratio  of  the  HF  link  by  some  means  such  as 
increase  of  transmitter  power,  imorovement  of  antenna  efficiencies,  reduction  of  received  noite,  etc.  Then 
P  increases,  as  shown  in  Fig  4  and  hence  p  also  i.  creases  (lig  5).  The  factor  Q  ,  howeve- ,  remains 
constant  and  shows  the  maximum  value  of  p  which  is  attainable.  As  Fig  5  shows,  the  Q  curve  forms  an 
'envelope'  to  the  reliability  curves. 

Thus,  for  example,  if  the  meoian  received  S/Ng  ratio,  Rq,  ,  is  such  that  curve  E  is  applicable 
in  Fig  5  and  90X  reliability  is  required,  then  a  horizontal  line  drawn  from  p  »  90X  cuts  curve  E  at 
two  values  of  f  ,  denoted  by  fj  and  fi  The  lower  value  f|  is  known  as  the  lowest  usable  frequency, 
LUF,  the  upper  value  fj  ia  jus*'  below  the  optimum  traffic  frequency,  FOT.  For  frequencies  below  the  LUF, 
absorption  is  too  great  to  give  tne  required  S/Ng  ratio;  above  fj  the  ionosphere  cannot  support  the 
given  frequency  for  the  required  percentage  of  time.  Thus  satisfactory  operation  can  only  be  achieved 
between  fj  and  fi  •:  Note  that  if  the  median  S/No  ratio  is  reduced  to  that  for  curve  D  ,  there  is  .to 
frequency  which  would  satisfy  the  service  criterion. 

3.6  Assessment  of  reliability  improvement 

So  far  circuit  reliability  has  been  discussed  in  qualitative  terms.  To  adequately  assess  the  perform¬ 
ance  of  a  radio  link,  the  communications  engineer  neods  to  l.now  what  improvement  in  circuit  reliability  can 
be  achieved  by  a  given  increase  in  the  receive.!  S/Ng  ratio.  The  increased  value  of  o  does  not  depend 
on  how  the  improvement  is  made;  for  example  it  might  be  achieved  by  an  increase  in  transmitter  power,  use 
of  directional  receiving  antennas,  improved  transmitter  antenna  efficiency,  etc.- 

Fig  6  shows  the  values  of  reliability  calculated  using  the  CCIR  Bluedeck  (BAKC11AUSEN,  A.F.  wf  j: , 

1969;  HAYDON,  G.W.  et  til,  1976)  program  for  a  point-to-point  link  in  February  1976.  It  is  convenient  to 
label  the  abscissa  as  'dB  above  required  signal-to-noise'  and  thus  a  direct  -.omparison  of  the  effect  of 
different  frequencies  is  made,  although  different  initial  transmitter  powers  or  system  gains  are  required 
to  produce  the  same  signal-to-noise  value  for  different  frequencies. 

Thus,  for  example,  if  the  signal-to-noise  ratio  on  the  link  is  improved  by  10  dB  by  some  means 
(increased  transmitter  power,  improved  efficiencies,  antenna  gain,  etc)  the  corresponding  improvement  in 
reliability  can  be  estimated  from  the  curves.  The  following  points  should  be  noted:- 

(i)  For  large  values  of  (R  -  Rg)  ,  p  tends  to  the  value  Q  since  F  tends  to  unity.  This 

means  that  well  below  the  MUF  p  -  i  while  as  f  increases  p  decreases  for  a  :v*i  signal- 
to-noise  ratio.  At  the  MUF  p  «  J  and  above  it  p  *.  J  ,. 

(ii)  For  very  large  negative  values  of  (R  -  Rg)  ,  p  *  0  for  all  frequencies,  since  the  probabi¬ 

lity  that  the  instantaneous  S/N  ratio  exceeds  the  required  level  Rg  is  very  small. 

(iii)  Between  the  extremes  (i)  and  (ii3  the  curves  are  approximately  lineal .  passing  through  the 
value  }Q  at  R  -  Rg  .  The  slope  is  determined  by  tl»c  statistical  spread  of  absorpeion  loss 
and  external  noise  characteristics, 

(iv)  The  slopes  of  the  curves  in  Fig  6  are  proportionately  reduced  by  the  vsiue  oi  Q  .  Thus  the 
MUF  has  a  slope  of  one  half  of  that  for  frequencies  which  have  Q  *  1  . 


(v)  Fig  6  appears  to  show  that  itva  lower  frequencies  ere  the  most  reliable.-  This  is  only  true 
it  the  actual  received  signal -to-noise  ratio  f,.,  <>ach  frequency  is  the  same.  In  this  case 
the  lover  frequencies  are  advantageous  because  of  the  more  favourable  value  of  Q  .  However, 
the  lover  frequencies  are  often  more  heavily  absorbed,  particularly  during  the  daytime. 

.'.7  The  required  signal-to-noise  ratio 

To  assess  the  circuit  reliability  it  is  first  necessary  to  adopt  a  minimum  required  S/No  ratio 
--'iterion  for  a  given  grade  of  service.  For  example.  CC1R  (CC1R,  1974b)  recosmwnd  a  IS  dB  S/N  ratio 
for  marginal  and  33  dB  for  good  consnercial  quality  of  communication*  with  HF  SSB  voice  in  .•  3  KHz  band¬ 
width.  In  practice,  criteria  must  be  chosen  to  suit  the  cotmaunication  requirements;  higher  S/No  ratios 
than  the  minimum  usually  specified  might  be  required  to  reduce  data  error*  due  to  bursts  of  noise  or  to 
achieve  intelligibility  of  unrelated  words  on  speech  transmission. 

4  AIR-TO-^ROtfND  COMMUNICATION  LINKS 


4.1  General  textures 

From  the  foregoing  sections  it  is  believed  that  some  guidance  can  be  offered  for  the  design  and 
operation  of  air-ground  HF  communication  links.  It  is  tirst  necesssry  to  choose  some  reliability  fuctor 
criteria,  bearing  in  mind  that  these  may  be  ouch  lower  for  mobile  communicat ions  than  for  coaoetcial 
point-to-point  linns.  For  the  present  purposes  p  «  .01  (nearly  useless)  and  p  *  80T  tsatisfactory) 
have  been  chosen. 

In  common  with  fixed  point-to-point  links  it  is  most  important  to  choose  an  operating  frequency 
appropriate  to  the  propagation  and  noise  conditions  prevailing  at  the  time..  Provided  that  this  is  done, 
the  margin  between  nearly  useless  and  satisfactory  c  tmunications  has  been  shown  (MASL1N,  N.M.,  187?)  to 
be  from  20  dB  to  35  dB  depending  upon  the  time  of  day.  Frequence  allocations  and  interference  may  limit 
the  choice  of  frequency;  unfortunately,  operators  do  not  always  strive  to  achieve  optimum  conditions. 

4.2  Modification  of  the  reliability  curves 

Consider  now  how  the  properties  of,  for  example,  the  aircraft  antenna  would  change  the  shape  of  the 
reliability  curve  in  fig  3.-  A  typical  graph  of  aircraft  antenna  efficiency  against  frequence  is  shown 
schematically  in  Fig  7a.  The  frequencies  f|(),  f,Q  .....  designate  antenna  efficiencies  of  -IP  dB, 

-20  dB  .....  and  are  different  for  large  and  small  aircraft.  The  modified  reliability  curve  for 
R0  »  0  dB  in  Fig  7f  is  then  gi  -en  by  the  chain  curve,  which  passes  through  the  Rq  -  IP  dB  curve  at 
f  “  f;o  ,  Rq  ■  20  dB  at  f  "  ,  and  80  on.-  The  effect  of  the  frequency  variation  of  antenna  efficiency 
is  therefore  to  shift  the  Rfl  ■  0  dB  curve  towards  the  higher  frequencies  and  this  restruts  the  frequency 
range  capable  of  providing  a  given  reliability,  o’  ,  from  (f»  -  f|)  to  (f*  -  fj)  ,  see  Fig  7b.-  The 
width  of  the  frequency  ’window*  is  reduced.;  The  eon  tee  of  this  ’winnow*  moves  along  the  frequency  axis 
according  to  the  prevailing  coniitions.  For  example,  a  high  sunspot  number  year  tends  to  increase  0  for 
a  given  frequency  because  higher  frequencies  can  be  propagated  as  a  result  of  the  increase  in  MVF.  The 
value  of  P  ,  however,  may  decrease  for  a  given  frequency  because  of  the  greater  ionisation  which  enhance* 
absorption.  Thus  the  centre  of  the  frequency  ’window’  moves  to  higher  frequencies  than  those  for  low 
sunspot  number  years.  The  width  of  the  ’window’  also  cnanges.  Diurnal  variations  also  radically  affect 
both  the  width  and  centre  frequency  of  the  window. 

Based  on  the  example  of  the  Norway-l'K  link  the  calculated  results  for  large  and  small  aircraft  are 
given  in  Fig  8.  In  these  examples  the  efficiencies  at  4  MH.t  of  the  antennas  '  we  been  taken  as  IPX  and 
0.  It  respectively,  which  are  typical  results  (PAVFY,  N.A.D.,  18711.-  The  etu  of  the  poorer  antenna 
efficiency  on  the  small  aircraft  is  twofold: 

(i)  the  usable  frequency  range  is  decreased;  from  4,4-11,8  MVr  to  b. 7-1 1.8  MHr  for  e  »  80*, 

(ii)  the  reliability  at  the  lower  frequencies  is  decreased;  at  4. a  MHi  from  80*  to  27*.- 

The  example  chosen  is  considered  to  be  fairly  representative  of  a  long  range  air-ground  linx-  How¬ 
ever,  as  mentioned  in  the  introduction,  communication  in  a  variety  of  circumstances  is  commonly  lequired; 
both  ground-wave  (for  short  distances)  and  higher  j.ngle  skv-wwe  (for  medium  distances)  propagation  paths 
need  also  to  bo  considered  if  an  effective  overall  assessment  of  cotnaunicat ions  reliability  is  to  be  made.- 
These  cases  may  be  treated  initially  in  a  similar  manner  to  the  analysis  in  this  paper.  The  value  of  Rpi 
needs  to  be  established  for  particular  cases  and.  this  may  he  influenced  by  sevetal  factors  associated  with 
the  aircraft. 

4.3  F.xample  ot  a  small  aircraft 

the  dependence  of  reliability  upon  frequency  is  shown  in  Fig  *>,  which  gives  predicted  values  f«r  a 
small  aircraft  operating  over  two  short  range  links  at  noon  in  January  |87b.  Note  cuat  at  the  lower  fre¬ 
quencies  there  is  a  rapid  decrease  in  reliability  due  to  the  decrease  in  antenna  etfioienciei  ysee  Fig  7,a) 
The  erves  D  to  A  show  examples  of  progressive  impicveraents  which  might  be  made.-  Curves  C  and  p 
show  the  effect  of  10  dB  ground  directivity  factors  whilst  curves  A  and  B  shew  how  progressively 
increasing  the  antenna  efficiencies  could  increase  reliability. 

4.4  Example  of  a  large  aircraft 

The  purpose  of  this  section  is  to  illustrate  how  conditions  are  likely  to  change  and  hew  these  changes 
can  affect  the  overall  reliability  for  a  typical  mission  profile  of  a  long  range  maritime  patrol  aircraft* 

Consider  air-ground  voice  communications  utilising  10  dB  ground  receiving  antenna  directivity  and 
assume  that  the  mission  is  of  10  hours  duration.  The  ground  station  is  in  North  Scotland  and  the  aircraft 
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flies  northward  at  450  kn  for  3  hour*,  remain*  at  thi*  range  for  4  hour*  and  then  return*,  again  at  450  kn, 
during  the  laat  3  hour*  of  the  mission. 

Four  curves  are  given:  the  MJF,  the  frequency  which  provide*  the  best  reliability  (this  is  not 
necessarily  the  optimum  working  frequency),  the  reliability  factor  for  this  best  frequency  and  the  relia¬ 
bility  factor  for  a  given  fined  frequency. 

Fig  10  show*  a  mission  starting  at  0200  hours.  The  optimum  frequency  is  a  compromise  between  sky- 
wave  availability  and  signal  absorption.  Note  that  the  optimum  reliability  attainable  is  approximately 
constant  over  the  whole  mission.  For  a  constant  (3  MHz)  frequency  the  January  results  show  that  this 
would  be  a  reasonable  frequency  for  most  of  the  mission,  but  when  the  MUF  increases  (aronnd  1000  hours) 
the  reliability  of  3  MH*  decreases  and  the  optimum  frequency  rises  to  about  8  MHz.  Results  for  April  show 
that  the  MUF  is  greater  than  for  January  and  hence  3  MHz  is  not  a  good  choice  since  the  MUF  is  above  8  KHz 
for  most  of  the  mission;  3  MHz  si^-als  are  too  heavily  attenuated  to  be  useful. 

5  DISCUSSION 

It  has  been  shown  that  the  reliability  of  an  HF  air-ground  sky-wave  link  is  a  complicated  function 
of  a  large  number  of  factors.  Recourse  has  therefore  been  made  to  representative  examples  to  illustrate 
the  tsain  phenomena ,  Based  on  thece  examples  the  objective  of  this  section  is  to  provide  guidance  for  the 
design  and  management  of  such  links. 

Consider  firstly  the  link  management  aspects.  The  most  crucial  factor  is  the  choice  of  operating 
frequency  for  a  particular  set  of  conditions.  The  upper  frequency  bound  is  determined  by  the  availability 
of  a  suitable  propagation  path,  which  is  governed  primarily  by  the  MUf.  The  lower  frequency  bound  is 
realised  by  the  absorption  within  the  ionosphere,  so  that  it  is  a  function  of  the  performances  of  the 
communication  terminals.  The  useful  frequency  band  available  to  the  communicator  depends  not  cnly  on  the 
signal  strength  and  fading  characteristics,  but  also  on  the  dispersion  caused  by  multipath  propagation 
and  ionospheric  movements.  The  normsl  prediction  methods  should  therefore  ideally  be  suppleraen-.ed  by 
daily  forecasts  and  perhaps  ionospheric  soundings.  The  system  designer  needs  predictions  of  frequencies 
which  have  tolerable  dispersion  in  addition  to  adequate  signal-to-noise  ratios.  If  a  choice  of  frequency 
is  available,  the  highest  frequency  which  offers  acceptable  reliability  is  often  to  be  preferred  since  this 
minimises  multipath  effects  (to  fi  is  preferable  to  f|  in  Fig  5). 

Ground-air  and  air-ground  communications  must  be  treated  as  separate  situations  in  view  of  the  dif¬ 
ferent  transmitter  powers,  radio  frequency  noise-field  and  antenna  characteristics  at  the  ground  and  air¬ 
borne  terminals.  The  MUF  increases  with  range  and  if  a  choice  of  ground  stations  is  available  it  may 
sometimes  (LIED,  F.,  1967;  MASLIN,  N.M. ,  19.’1)  be  advantageous  to  work  to  the  more  remote  station  so  that 
higher  working  frequencies  can  be  used.  Consequently  the  need  for  continual  frequency  changing  would  be 
eliminated;  the  sky-wave  propagation  modes  would  also  be  operable  over  longer  periods  of  a  flight  compared 
to  the  shorter  range  link. 

Particularly  severe  problems  are  presented  by  HF  communications  with  small  aircraft  at  moderate 
ranges,  primarily  as  a  result  of  very  poor  aircraft  antenna  efficiency  tn  the  low  part  of  the  HF  band. 
Working  over  a  longer  range  conraunication  linl  increases  the  optimum  traffic  frequency,  thus  avoiding  the 
poor  antenna  efficiencies  and  generally  reducing  the  external  noise  levels.  This  is  d'seussed  more  fully 
in  a  comparison  paper  (MASLIN,  N.M. ,  1979). 

If  all-round  coverage  is  not  required  by  the  ground  receiving  station,  then  an  important  parameter 
is  the  directivity  (:V  a  geometrical  factor)  rather  than  absolute  gain  of  the  ground  antenna. 

Ground  antenna  directivity  gives  improved  circuit  performance  when  the  system  is  limited  by  external 
noise,  but  is  of  little  help  when  availability  of  the  propagation  path  itself  is  a  major  constraint. 

Sources  of  aircraft  noise  (BSI,  1973)  are  important  factors  for  consideration  and  arc  often  the 
predominant  noise  sources  received  in  the  aircraft.  They  include  electrostatic  discharges,  rotating 
electrical  machinery  and  switching  transients  so  that  the  noise  is  ’ikely  to  contain  both  Gaussian  and 
impulsive  components.  Radiated  interference  from  the  avionic  installation  is  picked  up  by  the  aircraft 
antennas;  it  is  important  to  provide  adequate  attenuation  of  this  noise  by  the  aircraft  airframe. 


All  the  above  features  are  important  when  assessing  an  HF  air-ground  link  since  the  power  budget  is 
usually  more  critical  than  for  a  fixed  peint-to-point  link..  Suppose  it  is  deduced  from  the  foregoing  dis¬ 
cussion  that  a  10  dB  improvement  in  median  received  signal-to-noise  ratio  would  provide  a  worthwhile 
increase  in  conmnuiications  reliability  for  a  given  air-ground  link.  It  is  then  necesuary  to  decide  upon 
r.he  most  cost  effective  solution.  It  might  be  better,  for  example,  to  improve  the  ground  station  direc¬ 
tivity  factor  by  10  dB  rather  than  increasing  the  aircraft  transmitter  power  tenfold  or  improving  the 
antenna  efficiencies  of  a  large  number  of  aircraft. 


CONCLUSIONS 

The  assessment  of  circuit  reliability  has  been  shown  to  depend  upon  two  important  parameters. 

(i)  The  ratio  (f/fm)  of  the  operating  frequency  to  the  KUF.  Since  the  MUF  is  fixed  for  a 

given  time  of  day,  season  and  latitude,  the  associated  sky-wave  availability  Q  is  fixed 
and  the  reliability  has  a  maximum  value  of  Q  . 


(ii)  The  ratio  of  the  received  to  required  signal-to-noise  ratio  (Rj,  -  Rg  in  dB)  .  The  required 
ratio  Rq  is  fixed  for  a  given  modulation  mode  by  the  grade  of  service  needed,  whilst  Rq, 
can  be  clanged  by  adjusting  parameters  within  the  link.  The  associated  probability  factor 
P  is,  therefore,  to  some  extent  controllable. 
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The  range  of  reliability  improvement*  which  ia  possible  for  a  given  increaae  in  (Ru  -  Rq)  hat 
been  diacuited.  In  this  way  a  communication  link  can  be  assessed  to  decide  what  improvements  would  prove 
cost  effective. 

The  choice  of  a  suitable  frequency  for  the  link  for  a  given  time  of  day  involves  an  assessment  of 
two  conflicting  factors. 

(i)  Higher  frequencies  are  less  liable  to  be  prcpagated  (Q  is  smaller). 

(ii)  Lower  frequencies  are  more  heavily  attenuated  (P  is  smaller). 

Moreover  atmospheric  noise  generally  increases  with  decreasing  frequency.  Thus  for  a  given  situation 
there  stay  be  a  band  or  'window'  of  frequencies  available  within  which  the  required  reliability  could  be 
achieved  for  the  particular  link  configuration  employed.- 

This  paper  ha*  concentrated  on  examples  of  an  air-ground  sky-wave  link  because  the  power  budget  can 
be  very  crucial;  an  assessment  of  the  cossaunications  reliability  of  aircraft  under  operating  conditions  is 
an  essential  step  in  the  evaluation  of  their  effectiveness.  It  has  been  shown  how  the  resultant  received 
median  signal-to-noise  ratio,  and  in  turn  the  circuit  reliability,  depends  upon  a  number  of  factors  such 
a*  transmitter  power,  propagation  path  loss,  antenna  efficiencies,  etc.  In  the  course  of  this  study  a 
number  of  simplifications  have  been  made.  Such  effects  as  multipath  features,  time  and  frequency  disper¬ 
sion,  the  change  in  apparent  aircraft  antenna  performance  due  to  ground  reflection,  and  uncertainties  in 
the  aircraft  antenna  polarisation  characteristics  hsve  not  been  specifically  addressed.  However,  it  is 
believed  that  an  understanding  of  the  basic  features,  outlined  here,  should  prove  useful  ro  the  communica¬ 
tions  engineer  concerned  with  the  planning  and  assessment  of  HF  sky-wave  links. 
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J  ig.  1  Schematic  diagram  o<  a  communications  'ink 


hg.2  Power  level  diagram  tor  air-ground  link,  range  :.000  km.  low  sunspot  number,  winter  midnight 
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Fig. 3  Reliability  factor  as  a  function  of  wave  frequency 
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Fig  4  Dependence  of  Q  and  P  on  the  wave  frequency  and  the  received  signal-to  noise  ratio  respectively 
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Fig.  5  Reliability  factor  as  a  function  of  wave  frequency  and  received  signal-to-noise  ratio 
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Fig.b  Reliability  improvement  curves  for  different  frequencies  (MHz)  -t  OdOO  hours  Norway-UK  link  Feb.. 
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rig.  7(a  &  b)  (a)  Schemata  variation  of  aircraft  antenna  efficiency  with  wave  frequency,  (b)  schematic  variation 
of  reliability  factor  with  wave  frequency.  The  chain  curve  shows  the  modified  R0  =  0  dB  curve  when  the  antenna 

efficiencies  of  (a)  are  used 
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Fig.8  The  predicted  effect  of  aircraft  antenna  efficiencies  on  circuit  reliability  at  0900  hours:  Norway-UK  link  February  1976 


Fis,9  Variation  of  reliability  with  frequency  for  a  small  aircraft 
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DISCUSSION 


Comment  by  Dr  Klaus  Bibi,  US 

(a)  A  distribution  is  necessary  if  momentary  MUF  values  are  available  on  only  monthly  averages  since  geometric 
focussing  near  MUF  is  of  great  importance  for  signal-to-noise  calculations 

(b)  Interference  measurements  and  calculations  dependent  on  height  of  aircraft  and  radio  activity  areas  are 
important  for  HF  communication  reliability  assessments,  as  our  results  in  the  airborne  ionosondes  have  shown 

Author’s  Comment 

Yes  we  do  agree  with  these  two  comments  and  in  connection  with  the  second  we  are  proposing  to  undertake  a 
measurement  program  as  we  shall  mention  in  a  later  paper  at  this  meeting. 
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COMPARISON  OF  MEASURED  AND  PREDICTED 
MUF'S  AT  A  REMOTE  LOCATION 

Th.  Damboldt 

FCRSCHUNGSINSTITUT  DER  DEUTSCHEN  BUNDESPOST 
P.O,  BOX  ^OOO 
D-6100  DARMSTADT 

SUMMARY 


During  the  past  years  measurements  of  the  signal  strength  of  distent  HF  transmitters  have 
been  carried  out  at  Lclc’iow,  F.  R.  of  Germany,  by  the  Research  Institute  of  tne  Deutsche 
Bundespost,  The  times  at  which  the  signals  are  received  first  and  last  by  ionospheric 
propagation  during  the  diurnal  cycle  define  the  times  where  the  frequency  of  the  trans¬ 
mitted  signal  is  equal  to  the  path  MUF  (maximum  usable  frequency).  Values  of  these  tran¬ 
sition  times  are  taken  from  the  field-strength  records  of  a  path  frim  England  to  Germany 
and  then  compared  with  the  predicted  values.  A  further  comparison  i.i  made  between  the 
Lbserved  MUF  transition  times  and  the  ionogram  critical  frequencies  at  the  approximate 
path  mid-point,  i.e.  de  Bilt  in  Holland  for  the  above  mentioned  patt . 

Good  agreement  is  obtained  between  the  ionogram  critical  frequencies  and  the  measured 
MUF's.  It  is  suggested  that  information  obtained  from  oignal-strength  records  can  lead 
to  substantial  improvements  in  MUF  predictions.  lhi.»  is  of  considerable  importance  since 
operational  requirements  usually  exist  for  real-time  situations  and  not  for  the  average 
conditions  computed  by  prediction  programmes. 

1.  INTRODUCTION 

The  basis  for  this  "passive  sounding  systems"  is  the  continuous  measurement  of  the  signal 
strength  of  distant  HF  transmitters.  A  number  of  meteorological  broadcast  stations  trans¬ 
mitting  24  hours  a  day  is  suitable  for  this  purpose.  For  the  work  presented  here,  the 
station  "Bracknell'1  in  England  was  chosen  which  transmits  on  several  frequencies  simul¬ 
taneously.  The  field  strength  of  these  transmitters  is  recorded  on  the  following  fre¬ 
quencies:  18.2  MHz,  14. A  MHz,  11.0  MHz,  8.0  MHz,  4.8  MHz  and  3.3  MHz.  The  path  length  is 
about  800  km.  Located  within  a  few  kilometres  of  the  path  mid-point  is  the  ionosonde 
station  de  Bilt  (Figure  1). 

2.  F-LAYER  AND  SPORADIC-E  LAYER  MUF  TRANSITS 

A  typical  example  of  a  field-strength  record  with  the  sudden  increase  in  field  strength 
is  shown  in  Figure  2.  The  scatter  field  strength  is  about  20  dB  above  the  noise  level. 

The  MUF  transit  time  denotes  the  time  at  which  the  propagation  mechanism  changes  from 
scatter  to  ionospheric  reflection  or  mode  propagation.  At  this  point  the  field  strength 
increases  by  about  40  dB  (Damboldt  end  SUBmann,  1976). 

The  gradient  of  the  field-strength  inc~ease  at  a  fixed  frequency  is  dependent  on  the  gra¬ 
dient  of  the  critical  frequency  in  the  course  of  the  day.  Figure  2  shows  a  typical  winter- 
day  record,  where  the  diurnal  variation  of  the  critical  frequency  is  much  more  pronounced 
than  on  a  summer  day. 

Generally  a  MUF  transit  is  much  less  distinct  when  the  sporadic-E  layer  MUF  equals  the 
path  MUF.  Figure  3  shows  a  typical  example  uf  a  field-strength  increase  caused  by  a  short 


enhancement  of  the  sporadic-E  critical  frequency.  An  exact  MUF  transit  time  is  difficult 
to  determine  and  due  to  the  sporadic  behaviour  of  this  layer,  information  about  the  crit¬ 
ical  frequency  on  one  path  can  not  be  used  to  estimate  ic  on  another  path. 

3.  COMPARISON  OF  PREDICTED  MEDL.N  MUF  WITH  OBSERVED  MUF  TRANSITS 

The  vertical  critical  frequencies  and  the  MUF  factor  were  taken  from  the  CCIR  Atlas  of 
ionospheric  characteristics  (CC1P,  1978).  They  were  then  converted  to  an  800-km  path  with 
the  transmitter  at  Bracknell  and  the  receiver  at  Liichow.  The  upper  decile,  median  and 
lower  decile  MUF's  aie  shown  it  F..gure  4  for  October  1978.  Also  shown  is  a  number  of  MUF 
transit  times  at  the  frequencies  lecorded  during  this  month.  Good  agreement  between  pre¬ 
dicted  and  measured  values  is  obtained,  however  the  spread  of  the  daily  values  -  due  to 
cifferent  propagation  conditions  -  is  obvious.  Therefor;,  the  daily  measured  values  of 
the  MUF  transit  times  can  be  used  to  update  the  MUF  cur  e  in  real  time  (Beckwith  and  Rao, 
1975;  Jones,  Spracklen  and  Stewart.  1978). 

4.  COMPARISON  OF  MEASURED  IONOGRAM  CRITICAL  FREQUENCIES  WITH  OBSERVED  MUF  TRANSIT  TIMES 

The  ionosonde  station  de  Bilt.  makes  sourly  measurements  of  the  vertical  critical  frequen¬ 
cy  and  other  ionospheric  parameters.  Figure  5  shows  ♦he  diurnal  variation  of  the  F- layer 
critical  frequency  on  the  day  indica  :ed.  Also  giver,  are  the  times  of  MUF  transits  observ¬ 
ed  on  the  800-km  path  at  the  frequent ies  indicated.  It  is  obvious  that  the  ionogram  ver¬ 
tical  critical  frequencies  can  very  i  ell  be  inferred  from  the  observed  MUF  transits  and 
vice  versa. 

Figure  6  shows  the  diurnal  variation  of  the  F-layer  vertical  critical  frequency  (of  the 
day  indicated)  of  the  ionosonde  at  Lindau,  F,  R.  of  Gemany.  This  station  is  located 
about  200  km  south  of  the  receiving  station.  Unexpectedly  good  correlation  between  iono¬ 
gram  critical  frequencies  and  MUF  trsnsits  is  obtained  alii  ough  the  ionosperic  reflection 
point  for  the  oblique  path  is  about  fOO  km  distant  from  the  ionosonde  station.  Under 
quiet  ionospheric  conditions  rhPre  s< css  11  tile  difference  between  the  critical  frequen¬ 
cies  at  the  two  mentioned  ionosonde  :  tations  which  are  about  500  km  apart  (Figures  5 
and  6), 

5.  CONCLUSION 

T'he  conclusion  which  can  be  drawn  f* om  thes  observation  results  is  that  -  at  least  in  a 
limited  geographical  region  -  measurements  of  ionospheric  critical  frequencies  on  o us 
path  (or  at  one  location)  can  be  used  to  update  the  critical  frequencies  for  another 
path  (or  another  location)  in  real  time. 
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Fig.  2  Exam}.  3  c  of  a  field-strength  record  with  sudden  increase  in  signal  strength  when 
the  F  -layer  MUF  exceeds  the  frequency  of  the  transmitted  signal  (MUF  transit 


Fig.  6  Vertical  critical  frequencies  measured  during  one  day  at  Lindau.  The  times  of 
MUF  transits  are  indicated  by  "x"  together  with  the  frequency  where  the  MUF 
transit  was  observed. 
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SUMMARY 

This  paper  describes  a  method  to  augment  Hi  comma  meat  ions  systems. 

It  appeals  that  chemical  releases  might  be  employed  to  sv.ittei  commun loat ion  signals  Cor  limited  ciittcil 
periods,  lhts  technique  is  an  auginent.it  ion  to  be  used  mi  the  event  of  an  emergence,  or  an  .ipp  trout  emer¬ 
gence  . 

The  technique,,.  while  ;  liort  - 1  ived does  provide  communu  at  ion  coveiage  over  vast  areas  (~30i'0  mile  range  i . 
In  a  nuclear  environment,  the  chemical  ion  cloud  allows  the  use  of  \  It*  transmissions ..  rather  than  111,, 
thus  great lv  reducing  blackout  durations. 

Assessing  the  nuclear  environment  provides  informat  ion  to  avoid  blackout  caused  bv  beta  pirtule  ioniza¬ 
tion  and  allows  choice  of  optimum  cloud  location. 

This  technique  does  not  replace  anv  current  commumcat  ion  svsten.  but  does  provide  a  wav  to  maintain  com¬ 
munications  ,\>r  a  few  minutes  which  might  .otherwise  be  blacked  out  foi  hours 

Potential  applications  of  this  tecmique  include: 

•  t'ommun i cat  ion  with  Will 

•  Common i c at  1  on  with  i  loots 

•  Commumcat  i i’ll  with  Subforces 

•  Commumcat  ion  with  SAC 

•  Tactical  Commumcat  ions 


1.  INTRODUCTION 

HP  communu  at  ions  current  l  v  plav  an  important  role  in  It  S',  national  defense.  Due  to  the  characterist  ics 
of  111  sv  stems  and  the  earth's  ionosphere,  such  sv  stems  provide  a  unique  method  ot  comniumv.it  ion  between 
points  on  the  earth's  surface  which  cannot  communicate  via  1  ine-of-sight  transmission.  On  fort  iin.it  e>v,, 
such  commumcat  ions  are  dependent  on  the  state  of  the  ionosphere.  Frequent  1'  .  at  night.,  these  are  large 
regions  m  the  northern  hemisphere  which  cannot  support  commumcat  ions  from  the  U.S.  to  lurope  and 
other  areas.  Uncertainties  in  future  geomagnetic'  activitv  and  solar  f.u\  variations  lead  to  un  re  1  labil  itv 
over  main  HP  links.  Because  of  these  uncertainties  and  the  lack  of  coverage  even  on  normal  d.iv  s/ment  < 
the  U.S'  •  current  lv  considering  satellite  cvwniuumc.lt  ions  as  a  primarv  link  between  the  United  States 
and  \M0  forces  m  lurope. 

Satellite  comnunic.it ion  svstemcm.iv  be'  susceptible  to  degradation  when  forced  to  operate'  in  nuclear  en¬ 
tire  -  and  mav  .use  »*e  subiect  to  degrad.it  ion  when  propag.it  ion  paths  pass  through  natural  a-aiora.  The 
primarv  degr.nl.it  ions  are  fluctuations  in  signal  amplitude,  phase,,  and  angie-of-arrual  caused  bv  piopaga- 
t  ion  through  re-. ’.ms  of  ionization  which  are  aligned  with  the  geom.ignet  iv  field  and  which  perturb  <  be  >n- 
cident  wave  to  .ms,  »e- ere  fluctuation;..  Satel’ites  also  mav  be  vulnerable  to  the  radiations  piodaced 
In  high  il'itude  nuele.it  dc.to  i  it  urns. 

'Hta  have  shown  that  chemical  releases  produce  urn  clouds  which  allow  the'  side,,  forward.,  and  bicksc„tter 
of  I-!  it'd  Mil  waves  with  '.-election  coefficients  near  unite.  Clouds  of  5  km  radius,,  or  ivo  t  e ,  have'  bee  i 
genet  at  el  using  barium  vapor  released  at  an  altitude  of  about  -'00  km.  Such  clouds  have  scattering  cross 
sections  *  i  the  o.der  of  10sm".  These  cross  sections  allow  the'  ti.uismssion  of  comm  ic.it  i  oils  signals  ovei 
ranges  of  5000  wiles  fo.  pern'ds  on  .the'  order  of  several  minutes. 

Communic.it  .ms  using  chemical  lelease  clouds  does  rot  repiaee  anv  cut  rent  svsten  The'  provide  a  backup 
system,  a  means  of  commumcat  ion  during  emergencies  The'  feasibilitt  and  utilit'  of  this  common  scat  ion 
scheme  is  the'  subiect  of  this  paper. 

2.  HF  GEOMETRY  AND  FREQUENCIES 

figure  1  shows  ,a  simple  sketch  of  an  111'  pivp.ig.it  ton  path  f  r  'is  a  transmitter  (T1 ,.  retraction  of  the  r.iv 
caused  bv  ionization  in  the  1-  and  l'-region,  and  subsequent  bending  of  the  r.iv  back  t  '  the'  receiver  g K Y" 
on  the  earth  I  lgurc  -  shows  the  optimum  frequene'  to  be  used  for  transmission  ot  Hi  signals  between  lo-t 
Hii.ic'hnc.i,  Arizona  and  Western  lurope  over  24-hour  periods  m  June  and  I'ecembci  Note-'  that  the  maximum 
optimum  frcquencv  was  1 5  VQl;,.  in  June.,,  and  that  in  Poocmber.-  commumcat  ion  between  12  00  and  c'O  was  not 
possible''.  I  igurc  A  shows  the  optimum  frequence  for  communication  between  lort  Uuachnca  and  Honolulu 
•Again,,  the  optimum  tin  queue'  does  not  exceed  15  MHz .  however.,  comnumc.it  urns  e  m  .be  wntameJ  over  t  be 
entire  24-hour  period  1  mallv  ,  1'igure  4  shows  transmission  character!  -t  ics  for  a  near'  vert  tv  a  1  path  — 

Marc  land  to  Massachusetts.  While  transmission  can  occur  over  the  24-hoisi  period,,  t  he'  .mav  i  mum  f  requeue', 
is  c'lilv  «hc'ut  '  MHz. 

figure  5  shows  an  oval-shaped  region*  located  between  Ireland.  Ingland.-  and  Iceland  whuh  .cannot  be  com¬ 
municatee-  with  95  percent  if  t  <c  time  at  night  from  an  ill  transmitter  s’ at  ion  !o.  ated  i’i  the  State  of 
Maine. 


*  this  figure  ,s 


a  simple  artist  concept . 


In  short,  HF  frequencies  are  generally  limited  to  about  15  MHz  for  transmissions  at  long  range  and  perhaps 
half  that  value  fur  shorter  range.  There  are  large  regions  in  the  neithern  hemisphere  to  which  Conus-based 
transmissions  cannot  propagate  at  night. 

3.0  CHEMICAL  RELEASE  CHARACTERISTICS 

Sodium,  ces.uE,  and  barium  have  all  been  used  in  past  chemical  release  studies  A  great  wealth  of  data  was 
obtained  during  past  tests.  Barium  was  utilized  m  the  dayt-me  with  both  sunrise  and  sunset  releases. 

Barium  vapor  is  generated  via  a  thermite  reaction  with  copper  or  with  barium  mtiate.  Typically,  10  percent 
of  the  available  barium  is  vaporized..  This  vapor  is  readily  photoionized  by  sunlight.  The  data  base  shows 
that  the  time  history  of  ionization  in  the  ion  clouds  behaves  as 

V--  “-jit- c"'3 

where  he  is  the  electron  concentration  and  t  is  the  time  after  ionization  expressed  in  seconds  Barium 
released  under  night  conditions  will  not  produce  an  ion  cloud.  The  initial  thermal  ionization  is  rapidly 
quenched  by  reactions  with  02  That  is,  the  barium  ion  is  energetic,  the  oxidation  reaction 

3a  +  0. - -Ba0+  +  0  (2) 

occurs  rapidly  and  is  followed  uy  the  fast  dissociative  reccnbinat ion  reaction 

BaO+  +  e— — Ba  »  0  (3) 

In  the  day,  reaction  (3)  is  followed  by  the  competing  reactions 

Ba  +  hv — ~ '3a*  +  e 

(4 j 

Ba  +  02 - BzO  ♦  0 

The  oxidizing  reaction  in  Equation  4  is  much  slower  than  in  Equation  2  because  the  ion  is  no  longer  highly 
energetic.  lon/electron  concentrations  described  by  Equation  1  result  from  ambipolar  diffusion  of  the 
cloud.  (lon/electron  radiative  recombination  is  too  slow  to  nave  any  effect  on  N  ). 

Barium  releases  have  provided  clouds  which  are  large  (S  to  30  km  radii,  depending  on  release  altitude)  and 
which  have  radar  cross  sections  which  approximate  geometric  values,  108mJi  Unfortunately,  tarium  ion 
clouds  are  only  useful  as  a  scattering  device  while  the  clouds  are  sunlit. 

Cesium  and  sodium  occupy  a  different  column  in  the  chart  of  the  elements.  These  elements  have  only  one 
electron  in  thp  outer  shell,  compared  to  two  electrons  for  the  barium  atom..  As  a  result,  an  energetic  ion 
such  as  CJ  does  not  readily  react  with  02 .  !he  thermal  ionization  created  via  thermite  reactions  is  not 
ox’dized  by  02  (though  it  would  be  oxidized  by  03,  and,  therefore,  is  probably  not  useful  at  altitudes 
below  about  80  km)  and  the  time  histor>  of  cesium  is  given  by 

h'o  .  q 
Ne  -  -jT-,  cm 

i. 

where  N0  is  the  initial  concentration  of  cesium  ions  generated  by  thermal  ionization.  Data  shows  that 
N0  for  snail  (i  kg)  releases  at  about  105  kms  is  on  the  order  of  2  x  107  cm'3.  Cesium  (or  sodium)  thus 

nrovi  inn  nlnurlc  uKioh  nuctocc  1  trnc  :  -avif  f  i  m  r*nt-  c  /i'lrinn  Ivnt-K  An\/  -ir\A  ni  COndltlOPS. 


N0  for  snail  (i  kg)  releases  at  about  105  kms  is  on  the  order  of  2  x  107  cm"3.  Cesium  (or  sodium)  thus 
provides  ion  clouds  which  possess  large  scattering  coefficients  during  both  day  and  night  conditions. 

The  initial  clouds  are  spherical.  Dispersive  spreading  and  magnetic  containing  forces  gradually  distort 
the  initial  spherical  shapes  into  ellipsoids  with  the  major  axis  aligned  with  the  geomagnetic  field. 

Gradient  drift  instabilities  cause  the  ion  cloud  to  develop  a  sharp  edge  and  eventually  striate  into  field- 
aligned  filaments  of  ionization.  At  this  time,  usually  several  minutes  or  more,  the  cloud  becomes  a 
diffuse  scatterer  and  may  no  longer  be  useful  in  terms  of  communication  augmentation. 

4.0  SCATTERING  CHARACTERISTICS  AND  GEOMETkT 

The  plasma  frequency  of  an  ion  cloud  can  be  expressed  as 

f  -  8.0  x  103  N  1/2  Hz  (b) 


where  Ne  is  the  electron  concentration  (cm  3) .  Using  Equations  1  and  S,  the  plasm.-  frequencies  for 
barium  and  cesium  ion  clouds  are 

,  5.7  x  to' 

frB  ^174  Hz  v  ^ 

8.9  x  103  N  1/2 

fpc  "  —77 1 - -  «'  f8> 

Equations  7  and  8  show  the  frequencies  which  will  backscatter  from  the  cloud.  That  <  ,,  radio  waves  of  any 
frequency  f  such  that  f  i  fp  will  backscatter.  At  angles  other  than  backscatter,  additional  factor 
secant  9  (9  is  the  angle  between  the  incoming  wave  vector  and  the  normal  fo  the  surface),  multipl icat lve- 
1>  increases  the  usab’e  frequency.  Taking  N0 =  10B  cm'3  in  Equation  8  and  a  scattering  angle  of  45  degrees, 
tiie  maximum  usable  frequency  versus  time  for  both  barium  and  cesium  ion  clouds  has  bee  1  cc  muted.  The  re¬ 
sults  are  shown  in  Figure  6.  Note  that  for  the  cesium  cloud,  3  frequency  if  30  MHz  un  b  ;ed  for 
approximately  five  minutes. 
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Figure  7  shows  the  backscatter  radar  cross  sections  measured  during  a  barium  test.  Note  that  the  cross 
section  exceeds  10*  m2  at  10  3  MHz  for  about  18  minutes  after  release. 

Figure  8  shows  a  propagation  link  between  a  transmitter.  T,  an  un  cloud  located  above  the  E-layer,  and  a 
receiver,;  R,  cver-the-hori ton  from  the  transmitter.  During  a  *est  serie-'  an  ion  cloud  was  released  over 
Honda  at  about  200  km  altitude.  Transmissions  from  White  Sands,  New  Mexico  were  scattered  off  the  cloud 
an'  received  at  Antigua  in  the  farribean  Sea.  The  range  from  transmitter  to  receiver  was  about  3000  miles. 

Figure  9  shows  four  circles  with  diameters  of  3000  miles.  Note  on  the  lower  circle  that  White  Sands  and 
Antigua  lie  on  tne  periphery,  with  the  ion  cloud  over  Florida  at  the  center  of  the  circle.  The  other  three 
circles  show  the  geometric  coverage  which  could  he  provided  by  ion  clouds,  for  transmitters  located  at 
Seattle,  Washington.'  Omaha,  Nebraska;  and  Ban.  it,  Maine.  The  entire  0  S  Northern  boundary  and  up  to  the 
North  Pole  can  be  covered  with  three  ion  clouds. 

Tigure  10  shows  a  3000  mile  diameter  circle  centered  at  Rome,-  Italy.  Note  that  communications  can  he  made 
from  London,  England  to  Istanbul,.  Turkey.  The  entire  NATO  commumt.  can  communicate  using  a  single  cloud. 

5.0  NUCLEAR  ENVIRONMENTS 

Ilf  systems  subjected  to  nuclear  environments  are  extremely  susceptible  to  blackout  due  to  the  absorption 
produced  by  X  ray,' gamma- ray ,  and  beta-particle  ionization.  Figure  11  shows  an  artists  concept  of  a 
large  yield  nuclear  burst  occurring  at  an  altitude  of  100  km  directly  above  a  transmitter  which  is  propa¬ 
gating  a  wave  up  toward  a  chemical  release  cloud.  The  range  from  the  hurst  to  the  region  of  ionization  is 
about  200  km..  Figure  12  shows  the  one-way  vertical  absorption*  produced  during  the  dav  by  X-rav  lomzation. 

Note  that  10  dB  absorption  at  10  MHz  persists  for  about  25  minutes  while  at  50  MHz,  only  for  about  one 
minute.-  Clearly,  increasing  the  frequency  of  propagation  produces  a  large  reduction  in  the  duration  of 
blackout.  For  X-ray  blackout,-  the  duration  of  a  given  level  of  absorption  scales  about  as  f"2,  hence, 
five-f'’d  increase  in  frequency  results  in  a  25-fold  diminution  in  duration. 

Figure  13  shows  the  one-iay  vertical  absorption  produced  by  the  delayed  gamma-ray  ionization  from  this 
burst.  \  system  operating  at  10  MHz  would  be  blacked  out  for  several  hours  after  the  detonation.  At  50 
MHz,  the  blackout  (10  dBl  persists  for  five  or  10  minutes  depending  on  ray  path  geometry. 

Figure  14"  shows  the  absorption  produced  h\  net  a -part  icle  ionization,  arbitrarily  spread  over  a  200  km 
radius.  For  ray  paths  which  intersect  the  beta-patch,  even  systems  operating  at  100  MHz  are  blacked  out 
for  over  one  hour.  Clearly,  beta-patch  regions  must  be  avoided  by  any  HF  or  VHF  communication  system. 

We  will  now  briefly  d'seuss  methods  of  assessing  such  environments  and  describe  mitigation  techniques  that 
could  be  employed  to  minimize  the  effects  of  nuclear  detonations. 

6.  ASSESSMENT  AND  MITIGATION 


Past  studies  have  shown  that  electronic  sensors  can  be  used  to  identify  a  nuclear  detonation  and  locate 
the  burst  position  with  reasonable  accuracy.  Studies  have  also  shown  that  electronic  measurements  can  be 
used  to  obtain  estimates  of  the  weapon  yield  to  within  about  a  factor  of  two. 

With  these  estimates  as  inputs,  computer  simulations  can  be  used  to  provide  estimates  of  beta  patch  loca¬ 
tion  as  a  function  of  time.  In  addition,  such  a  simulation  can  provide  estimates  of  the  absorption  time 
histones  for  any  ray  path  of  interest. 


the  ray  elevation  angle. 
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Figure  8.  HF  propagation  with  chemical  release. 


DISCUSSION 


J.  Rottger,  Ge 

Whj  does  “isotropic „cur  at  frequencies  lower  than  the  critical  plasma  frequency7  Isn’t  “(total) 
rejection”  from  the  scr  _•  clcid? 

Author’s  Reply 

No,  total  reflection  is  too  simple  a  concept  here.  Rath  r  the  incoming  wave  generates  surface  currents  which 
produce  isotropic  scattering  as  from  a  metallic  sphere. 


T  B.  Jones,  UK 

Wovld  you  please  comment  on  the  possibility  of  the  production  of  electrostatic  images  of  the  cloud  in  the  t  layer 
The  E  layer  conjugations  produced  in  this  way  can  support  additional  modes  of  propagation  which  result  in  modal 
interference  etc. 

Author’s  Reply 

Images  can  be  generated,  both  in  the  local  E  region  but  also  in  the  magnetic  conjugation  region  over  the  equator. 
These  images  may  support  other  propagation  modes.  This  problem  has  not  been  addressed  to  date,  but  will  be 
considered  in  future  experimental  planning 


James  R.  Wait,  US 

Could  you  indicate  what  t^'  oretical  model  was  used  to  calculate  the  Bi-static  cross  section  of  the  cloud?  In  this 
connection,  did  you  account  for  the  radial  density  of  the  cloud  density? 

Author’s  Reply 

Short  puise  radar  returns  from  the  cloud  showed  no  pulse  spreading  indicating  the  electron  density  gradient  was 
short  compared  to  a  wavelength  As  a  result  computations  of  the  cross  section  using  geometrical  op'ics 
approximations  were  employed. 


Comment  by  N.C.  Gerson  US 

If  the  ionization  produced  by  the  chemical  releases  becomes  field  aligned,  several  factors  restrict  the  results 
presented.  First,  field  aligned  propagation  implies  an  aspect  sensitive  condition,  in  which  the  transmitter  and 
receiver  must  be  in  certain  areas,  respectively,  for  propagation  to  take  place.  Secondly,  with  field  aligned 
propagation,  both  the  transmitter  and  receiver  must  be  located  below  a  given  geomagnetic  latitude  for  the  reflected 
ray  to  be  ic'urned  to  the  earth 

Author’s  Comment 

I  agree  with  this  comment  The  results  presented  only  apply  prior  to  the  ion  cloud  becoming  field-aligned, 
approximately  5  minutes  aft  'r  release. 


George  H.  Millman,  US 

You  mentioned  that  transmission  distances  on  the  order  of  31)00  miles  were  attained  during  one  of  the  barium 
releases.  Could  you  amplify  this  statement  in  terms  of  transmission  frequency,  and  reflection  height? 

Author’s  Reply 

The  transmission  frequency  was  approximately  1  OMhz.  The  height  of  reflection  was  about  215km.  hence  some 
refraction  occurred  to  achieve  the  range  of  3000  miles. 
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TROPOSPHERIC  EFFECTS  ON  HF  PROPAGATION 

George  H.  Miliman 
General  Electric  Company 
Syracuse,  New  York  13221,  USA 

SUMMARY 

An  evaluation  is  made  of  the  effect  of  tropospheric  refractive  bendirg  on  the  propagation  of  HF  radio  waves. 

The  index  of  refraction  in  the  troposphere  is  modeled  in  terms  of  the  CRPL  Reference  Refractivity  Atmosphere  - 
1958,  while  the  index  of  refraction  in  the  ionosphere  is  defined  in  terms  of  the  transverse-ordinary  mode  of  propaga¬ 
tion,  the  electron  density  being  represented  oy  a  Chapman  model, 

Ray  tracings  are  performed  based  on  the  assumption  that  the  propagation  media  are  stratified  into  layers  of 
constant  refractive  index.  The  ground  scatter  distance  and  the  true  and  virtual  reflection  heights  are  calculated  as 
a  function  of  surface  refractivity  and  varies  electron  density  profiles. 

The  relationship  between  radar  range  and  target-ground  distance  is  also  examined.  The  existence  of  long  range 
propagation  paths  beyond  4500  km  for  specific  tropospheric  and  ionospheric  conditions  is  discussed. 

1.  INTRODUCTION 

When  electromagnetic  waves  are  propagated  through  the  troposphere  and  ionosphere,  they  undergo  a  change  in 
direction  or  refractive  bending.  This  phenomenon  which  arises  from  the  nonhomogeneous  characteristics  of  the  media 
introduces  an  angular  error  in  radar  measurement  data  (Miliman,  1958). 

The  elevation  angle  deflection  of  radar  waves  in  the  troposphere  is  independent  of  frequency,  and  in  the  iono¬ 
sphere  it  is  frequency  dependent,  i.e.,  inversely  proportional  to  frequency  squared  (Miliman,  1958),  However,  in 
the  case  of  the  troposphere,  the  angular  deviation  is  directly  proportional  to  the  surface  refractivity,  Nq,  i.e. ,  the 
deviation  increasing  with  increasing  Nq  (Miliman,  1971). 

In  predicting  the  range-coverage  performance  of  an  HF  backscatter  radar  or  the  transmission-frequency 
requirements  of  a  communications  system,  ionospheric  propagation  characteristics  are  only  considered.  The  effects 
of  the  tropospheric  refractive  properties  on  HF  propagation  are  in  general  not  taken  into  account. 

However,  a  preliminary  examination  of  the  HF  propagation  phenomena  has  revealed  that  the  ground-scatter 
distance  and  the  true  and  virtual  reflection  heights  are  modified  when  tropospheric  refraction  effects  are  taken  into 
account  (Miliman,  1975). 

In  this  paper,  an  evaluation  is  made  of  the  effect  of  refractive  bending  in  the  troposphere  on  the  propagation  of 
HF  radio  waves, 

2.  THEORETICAL  CONSIDERATIONS 
2. 1  Tropospheric  Index  of  Refraction 

The  index  of  refraction,  nt,  in  the  troposphere,  can  be  expressed  in  terms  of  the  functions 
N  =  <n  -  1)  x  106  (1) 

and 


where  N  is  the  refractivity,  T  is  the  air  te.nperature  C K),  p  is  the  total  pressure  (mbar)  and  <  is  the  partial  pressure 
of  water  vapor  (mbar).  According  to  Smith  and  Weiutraub  (1953),  the  constants,  a  and  b,  are  77.6‘>K/mbar  and 
4810°K,  respectively. 

It  should  be  noted  that  the  above  expression  for  the  refractivity  of  air  is  independe.*'  of  frequency  in  the  100-  to 
30,000-MHz  range.  The  first  term  in  Equation  (2),  ap/7 ,  applies  to  both  optical  and  radio  frequencies,  and  is  often 
referred  to  as  the  dry  term.  The  second  term,  abe  /  r^,  which  is  the  wet  term,  is  the  water  vapor  relationship 
required  only  at  radio  frequencies. 


Tbe  tropospheric  refractive  index  model  employed  in  this  analysis  is  the  CRPL  Reference  ItefracUvity  Atmos¬ 
phere  -  1958  (Bean  and  Dutton,  1966)  which  is  described  by 

N(h)  =  Nq  +  (h  -  ho)  AN  (31 

where  NQ  is  the  surface  refract*,  ity  and  hQ  is  the  surface  height  above  mean  sea  level.  This  expression  is  valid  loi 
ho  -x  h  ^  (hQ  +  1)  km.  The  parameter,  aN,  is  defined  by 

AN  =  -7.32  exp  (0.005577  Nq)  (4; 

For  the  region  defined  by  (ho  +  1)  v  h  >  9  km,  the  refractivity  decays  as 

N(h)  =  Nj  exp  (  -c(h  -  hQ  -  1)}  (5) 

where  Nj  is  the  value  of  N(h)  at  1  km  above  the  surface  and 


c  - 


8  -  h 
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Above  9  km,  the  exponential  decay  is  of  the  form 

N(h)  ■=  105  exp  |  -0.  1424  (h  -  9)1  (7) 

Surface  refractivities  of  320-N  and  400-N  units  were  only  considered.  The  latter  is  represemative  of  severe 
refraction  conditions  while  the  former  of  average  conditions. 

2. 2  Ionospheric  Index  of  Refraction 

The  index  of  refraction  in  the  ionosphere  can  be  expressed  by  the  relationship 


1 


N  e' 
e 


i  m  -j 
o  e 


1/2 


(8) 


3 

where  is  the  angular  plasma  frequency  of  the  medium  (rad/s,.  Neis  the  electron  density  (electrons/m  ),  e  is  the 

electron  charge  (1.6  x  10  19  Cl,  m  is  the  electron  mass  (9. 1  x  10‘31  kgl.  .  is  the  electric  permittivity  of  free 

-9  e  ° 

space  (10  /36*  F-m)  and  j  is  the  angular  frequency  of  the  incident  wave  (rad/s). 

The  distribution  of  electron  density  with  height  is  assumed  to  follow  the  Chapman  model  of  the  form 


where  H  is  the  scale  height  of  the  neutral  particles  and  N  is  rhe  electron  density  at  the  level  of  maximum 
s  m 

ionization,  h  . 

’  m 

The  values  of  the  parameters  defining  the  di  time  toncsphenc  electron  density  profiles  and  the  equivalent 
plasma  frequencies  of  the  maximum  ionization  levels,  used  in  the  calculations,  are  presented  in  Table  1.  Minimum 
electron  density  between  the  E-  and  FI -layer  is  attained  at  12S.  01  km  altitude  and  between  the  FI-  and  F2-’ayer  at 
213. 55-km  altitude. 

It  should  be  noted  that  the  ionospheric  refractive  index,  given  by  Equation  (8),  is  also  a  function  of  both  'he 
electron  collision  frequency  and  the  earth's  magnetic  field.  For  frequencies  on  ihe  order  of  10  MHz  and  above,  and 
at  altitudes  greater  than  80  km,  the  effect  of  the  collision  frequency  term  on  the  index  of  refraction  is  negligible 
(Davies,  1965)., 


where  B  is  the  magnetic  induction  (Wb/m)  and  f)  is  the  ,>rv  c,  ■■  e. ,  the  angle  between  the  magnetic  held 

vector  and  the  direction  of  propagation. 

When  evaluating  the  errors  with  respeci  to  the  transverse-ordinary  mode  of  propagation  which  corresponds  to 
Equation  (8),  the  nonmagnetic  field  case,  it  is  found  that  the  maximum  error  in  the  refractive  index  occurs  the 
peak  of  the  Fii-layer  and,  at  .30  MU',  is  less  than  0.4  percent.  At  20  MHz,  the  error  increases  to  slightly  greater 
than  1  percent.  The  calculations  are  based  on  the  electron  density  models  described  in  Table  1  and  on  a  magnetic 
field  intensity  of  0.  5  G  (B  =  0.  5  \  10  **  Wb/m2)  which  is  assumed  to  be  invariant  with  altitude  (Millmar.,  1977). 

It  should  be  noted  that  transverse  propagation  is  applicable,  to  a  first  approximation,  to  transmissions  origi¬ 
nating  in  the  midlatitudes  and  oriented  towards  the  polar  ionosphere.  Longitudinal  propagation,  on  the  other  hand, 
applies  to  midlatitudes  transmissions  directed  equatorward. 

2. 3  Computational  Procedure 

In  this  analysis,  it  is  assumed  that  (1)  the  troposphere  is  contained  between  the  earth's  surface  and  30-km 
altitude,  (2'  the  base  of  the  ionosphere  is  located  at  an  alittude  of  80  km  and  (3)  free  space  prevails  tn  the  region 
between  the  troposphere  and  the  ionosphere. 

In  evaluating  the  effects  of  the  tropospheric  refraction  phenomenon  on  HF  propagation,  the  basic  assumption 
employed  is  that  both  the  tn  posphere  and  ionosphere  can  be  considered  to  be  stratified  into  spherical  layers  of 
constant  refractive  index.  The  stratified  layer  method,  although  approximate  in  nature,  can  be  greatly  improved  by 
merely  increasing  the  uumber  of  layets  in  the  medium,  i  ;. ,  decreasing  the  thickness  of  each  individual  layer 
element  (Millman,  1901'. 

Tho  slob  sizes  employed  in  the  computations  are  as  follows:  50  n  m  the  altitude  region  from  h  -  0  to  30  km; 
50  km  from  h  -  30  to  80  km;  and  1  km  from  h  -  80  to  300  km. 


DISCUSSION 


3. 

Estimates  of  the  effect  of  tropospheric  refraction  on  HF  propagation  are  presented  in  Tables  2  through  7  which 
list  the  ground-scatter  distances  and  the  true  and  virtual  r  ’flection  heights  for  transmissions  at  10,  20  and  30  MHz 
and  at  1'  and  3.5*  elevation  angles.  The  calculations  are  based  on  the  nonmagnetic  Held,  ionospheric  index  of 
refraction,  i.e. ,  transverse-ordinary  mode  of  propagation,  d  '.ined  by  Equation  (8)  and  apply  to  the  four  electron 
density  models  described  in  Table  1. 


The  analytical  expressions  for  the  true  reflection  height,  hr,  and  the  virtual  reflection  height,  hj.,  are  given  by 
(Millman,  1977) 
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wbeie  rp  is  the  earth's  radius,  np  is  the  index  of  refraction  at  the  earth's  surface,  Ep  is  the  apparent  grout1  t  ’ra¬ 
tion  angle  and  S  is  the  grcund-scs.tter  distance. 

An  examination  of  the  data  reveals  that,  for  a  given  set  oi  propagation  conditions,  ;.e, ,  tropospheric  and  iono¬ 
spheric  models,  the  true  reflection  height  increases  with  increasing  transmission  frequency  and  elevation  angle.  It 
is  seen  that,  for  a  given  electron  density  model,  the  true  reflection  height  decreases  with  increasing  surface 
refractivity. 

The  grounci-scatter  distance  and  the  virtual  reflection  height,  on  tne  other  hand,  increase  with  increasing 

surface  refracti-ity  except  in  the  case  of  the  20-MHz.  1*  elevati  n  angle  data  (Table  4)  where  the  reveise  occurs  for 

electron  density  model  C.  This  reversal  •’an  be  attributed  to  the  fact  that  the  true  height  ol  reflection  of  N  -  0  takes 

o 

place  above  the  peak  of  the  Fl-la.vsr,  i.e. ,  at  an  altitude  of  214. 17  km  while  the  N0  --  520  and  Np  -  400  reflections 
occur  below  the  Fl-layer  peak,  i.e.,  at  »C1. 30-  and  179. 56-km  altitude,  respe°tively. 

it  is  of  interest  to  note  that  the  decrease  in  the  ground-scatter  distance  at  a  surface  refractivity  of  400-N  units, 
electron  density  model  A  (Table  4),  is  mainly  the  result  of  the  true  reflection  taking  place  at  approximately  the  peak 

of  the  E-layer,  i.e. ,  99.96-km  altitude.  This  is  in  contrast  with  the  N  =  0  and  N  -  320  data  which  reflect  at  the 

o  c 

lower  portion  of  the  Fl-layer,  i.e.,  174.41  and  172.34  km  altitude,  respectively.- 

An  interesting  disclosure  in  the  20-MHz  results,  Tables  4  and  5,  is  the  existence  of  long-range  propagation’ 
paths  for  specific  tropospheric  and  ionospheric  conditions.  It  is  noted  that  long-range  propagation,  i.e. ,  ground- 
scatter  distances  greater  than  approximately  4500  km,  generally  tends  to  occur  for  rays  undergoing  reflection  at 
altitudes  on  the  order  of  214  km  which  is  slightly  above  the  altitude  where  the  FI-  and  F2-layer  are  joined  together, 
the  ionization  valley  being  located  at  213.  55-km  altitude. 

Figures  1  through  3  disclose  20-MHz  high-ra\  one-hop  FI  mode  propagation  (Pederson  ray)  at  distances  up  to 
6200  km,  with  maximum  range  being  attained  at  elevation  angles  between  approximately  1"  and  3.5*.  As  illustrated 
in  Figure  4,  a  slight  variation  in  the  electron  density  profile  can  result  in:  (1)  the  maximum  range  being  acquired  at 
the  lowest  elevation  angle  and,  (2)  the  disappearance  of  the  FI  propagation  mode. 

Long-distance,  one-hop  FI  propagation  over  approximately  a  4500-km  path  has  been  observed  by  Tveten  (1961). 
Propagation  by  the  one-hop  F2  mode  over  a  5300-km  path  is  possible  according  to  the  experimental  measurements  of 
Warren  and  Hag£  (1958)  and  the  theoretical  calculations  v»  Kift  (1958). 

Utilizing  ray  tracings  techniques,  M'fldrew  and  Maliphant  (1962)  investigated  the  properties  of  long-distance, 
oue-'iop  propagation.  They  found  that  long-distance  propagation  may  occur  via  the  FI-  and  as  well  as  the  F2-layer 
and  that  one-hop  propagation  may  extend  to  ranges  in  excess  of  7500  km  in  the  temperate  regions  and  10,  oOO  km  in 
the  equatorial  region. 


')■?> 


It  should  be  apparent  from  Figures  1  through  4  which  are  visual  representations  of  the  data  in  Tables  4  and  5 

that,  at  low  elevation  angles,  the  ground-scatter  distance  is  controlled  to  some  extent  by  the  troposphere.  As 

previously  mentioned,  when  tropospheric  refraction  is  severe  (i.e.,  high  surface  refractivity)  the  ground  scatter 

distance  is  g»...v.iaiiy  a  maximum..  It  is  a  minimum  when  the  surface  refractivity  is  not  taken  into  account  (i.e. , 

-  0).  For  example,  the  ground-scatter  reflection  point,  at  2“  elevation  angle  for  ionospheric  model  D,  Figure  4, 

evaluates  to  5052. 50  km  for  N  -  400  and  decreases  to  4966.  34  km  for  N  =  320  and  47  38.  26  km  for  N  -  0. 

o  oo 

An  additional  feature  of  interest  in  Figures  1  through  3  is  the  indication  of  the  possible  existence  of  multiple 
rays  incident  t  the  same  location  on  the  earth's  surface  commencing  at  distances  greater  than  about  3800  km.  This 
phenomenon  implies  that  there  is  a  focusing  of  the  rays  which  results  in  an  apparent  enhancement  of  the  incident 
radiation  at  the  long  ranges. 

An  evaluation  of  H*"  radio  focusing  at  maximum  range  caused  by  the  .oiuzation  distribution  between  ionospheric 
layers  has  been  made  by  Croft  (19671. 

Figures  5  and  6  are  plots  of  the  radar  range,  i.e. ,  group  path  length,  as  a  function  of  the  ground  distance  at  a 
frequency  of  20  MHz  for  ionospheric  models  A  and  D,  respectively.  It  is  seen  that,  for  a  given  set  of  propagation 
conditions,  i.e. ,  ionospheric  model  and  high-  or  low-ray  propagation  mode,  a  linear  relationship  exists  between  the 
radar  range  and  the  ground  distance  which  is  independent  of  the  tropospheric  refractioi  conditions.  It  follows, 
therefore,  that  there  is  no  need  to  take  into  account  the  effect  of  refractive  bending  in  the  troposphere  when  deter¬ 
mining  the  location  of  an  object  in  space  by  HF  backscatter  radar  techniques.  In  other  words,  no  special  calculations 
have  to  be  made  to  a -count  for  the  effects  of  the  troposphere  on  radar-target,  coordinate-registration  process. 

On  comparing  Figure  5  with  Figuie  6,  it  is  found  that  the  high-ray  (F2  mode)  slopes  are  practically  the  same. 
An  identical  situation  exists  for  the  slopes  of  the  low  rays  (F2  mode). 

The  30-MHz  radar-range  data  shown  in  Figures  ?  and  8  also  display  similar  slopes  for  the  low  rays  and  for  the 
high  rays.  It  is  noted  that  the  slope  of  the  data  points  of  the  high  rays  is  slightly  greater  thuii  that  of  the  low  rays  for 
beth  the  20-  and  30-MHz  computations. 

The  linear  relationships  between  the  radar  ranges  and  the  ground  distances  illustrated  in  Figures  5  through  8 
are  summarized  tn  Table  8. 

Additional  items  which  should  be  mentioned  with  regard  to  the  30-MHz  data  are:-  (1)  leng-range  propagation 
beyond  ^500-km  ground  distance  was  not  attainable  for  the  four  ionospheric  models  considered  in  this  analysis,  (2) 
the  elevation  angle  versus  ground-scatter  distance  plots  were  similar  in  appearance  to  the  curves  illustrated  in 
Figure  4,  and  (3)  the  ground  distance  traversed  by  the  high  rays  tended  to  approach  that  of  the  low  rays. 

4.  CONCLUSIONS 

The  presence  of  tropospheric  bending  tends  to  have  the  following  effects  on  HF  propagation:'  to  decrease  the 
true  height  of  reflection  and,  for  the  most  part,  to  increase  the  ground  distance  over  which  the  waves  can  be  trans¬ 
mitted  and  to  increase  the  virtual  height  of  reflection. 

Slight  variations  in  the  ionospheric  electron  density  distribution  could  result  in  the  ground  scatter  distance  and 
virtual  reflection  height  decreasing  with  increasing  severity  of  tropospheric  refraction. 

Inasmuch  as  a  linear  relationship  exists  between  radar  range  and  ground  distance,  tropospheric  refraction 
effects  need  not  be  taken  into  account  when  deducing  the  location  of  a  target  by  means  of  HF  backscatter  radar 
techniques. 

Long  distance  propagation  beyond  4500  km  appears  to  occur  for  rays:.  (1)  having  very  low  takeoff  angles,  i.e. , 
less  than  about  4"  and,  (2)  undergoing  reflection  in  the  altitude  region  where  the  Ft  and  F2  layers  are  joined  together. 

It  is  found  that,  for  the  electron  density  models  considered  in  this  analysis,  the  long-distance  propagation  mode 
is  frequency  sensitive  in  that  the  extended  surface  covoinge  occurred  only  at  20  MHz  and  not  at  10  and  30  MHz, 
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TAB  If  1 


IONOSPHERIC  ELECTRON  DEN3ITV  PROFILES 


Model 

Layer 

Sc«le  Height 

Hg  (km) 

Altitude 

(km) 

Maximum  Electron 
Density 

Nm(x  1011  electroos/m5) 

Plasma  Frequency 
(MHz) 

A 

E 

10 

100 

1.500 

3.47? 

FI 

40 

200 

S.  000 

4.917 

F2 

50 

300 

12. 500 

10.  037 

B 

E 

10 

;oo 

1.459 

3.429 

FI 

40 

SOU 

2.918 

4.850 

F2 

so 

300 

12.160 

9.899 

c 

E 

10 

100 

1.440 

3.406 

FI 

40 

200 

2.879 

4.817 

F2 

50 

300 

11.997 

9  833 

D 

E 

10 

100 

1.421 

3.384 

FI 

40 

200 

2.841 

4.7e5 

F2 

50 

300 

_ 

11.838 

5  767 

TABLE  2 

GROUND-SCATTER  DISTANCE  AND  TRUE  AND  VIRTUA’  REFLECTION 
HEIGHTS  FOR  10-MHz  TRANSMISSIONS  AT  l*  ELEVATION  ANGLE 


Electron 
Density  Model 

— 

Reflectivity 
(N  Unite) 

Ground-Scatter 

Distance 

(km) 

True  Reflection 
Height 
(km) 

Virtual  Reflection 
Height 
(km) 

A 

0 

1  363. 96 

81.66 

85.38 

320 

ni9.20 

81.58 

92.67 

400 

1:  04.80 

81.56 

95.80 

B 

0 

1863.86 

81.7? 

85.37 

320 

1948.78 

81.69 

92.63 

400 

1S84.26 

81.66 

95.76 

C 

0 

1863.90 

81.82 

85.38 

320 

1948.70 

81.74 

92.63 

400 

1984.16 

81.71 

95.75 

D 

0 

1864.02 

81.87 

85.39 

320 

1902.  88 

81.79 

92. 99 

400 

_ 

1984.12 

81.76 

95.74 

TABLE  3 

GROUND-SCATTER  DISTANCE  AND  TRUE  AND  VIRTUAL  REFLECTION 
HEIGHTS  FOR  lu-MHr  TRANSMISSIONS  AT  3.5*  ELEVATION  ANGLE 


Electron 
Density  Mode! 

Surface 
Retractlvlty 
(N  Unite) 

Ground-Scatter 

Distance 

(km) 

True  Reflection 
Height 
(km) 

Virtual  Selection 
Height 
(km) 

A 

0 

1478.  28 

82.  IS 

89. 16 

220 

1534.18 

82. 07 

94.30 

400 

1559.  27 

82.05 

96.65 

B 

0 

1467.92 

82. 27 

88.23 

320 

1507.60 

82. 19 

91.84 

400 

1*21.72 

t2. 16 

93.05 

C 

0 

U55.lt 

82.33 

87.98 

320 

1502.46 

82. 24 

91.37 

400 

1514.52 

82,22 

92.48 

D 

0 

1463  28 

82. 39 

87.81 

320 

1499.74 

82.30 

91.12 

400 

1510.60 

82. 24 

92. 12 
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GROUND-SCATTER  DISTANCE  AND  TRUE  AND  VIRTUAL  REFLECTION 
HEIGHTS  FOR  20-MH/.  TRANSMISSIONS  A r  1*  ELEVATION  ANGLES 


electron 

De:  iity  Model 

Surface 

Ref  r  activity 
(N  Unite) 

Ground -Scatter 
Distance 
(km> 

True  Reflection 
Height 
(km) 

Virtual  Reflection 
Height 
(km) 

A 

0 

4117.06 

174.41 

387. 16 

20 

4282.24 

172.34 

418.92 

•00 

2336.74 

99.96 

151.34 

B 

0 

417'  34 

179.66 

398.43 

320 

4231.74 

177.47 

420.  79 

4C0 

4297.  90 

176.92 

422.00 

c 

0 

5767.  26 

214. 17 

773.97 

320 

4609.  34 

in. 30 

4&6.1  ' 

400 

4360.96 

179.56 

434.56 

D 

0 

3220.18 

2x4.75 

6  27.83 

320 

5732.  76 

214.35 

704.18 

400 

5934.86 

214.23 

822.66 

TABL*  5 

GROUND-SCATTER  DISTANCE  AND  TRUE  AND  VIRTUAL  REE  LECTION 
HEIGHTS  <  OR  20-MH?.  TR/  NSMISSIONS  AT  3.5*  ELEVATION  ANGLE 


r_ 

Electron 
r«<  5‘tv  Morfel 

-urface 
Refraclivity 
(N  Initsj 

Ground -scatter 
Distance 
(km) 

True  Reflect  .on 
Height 
(km) 

Virtual  Reflection 
Height 
(km» 

0 

4590.08 

214  49 

597.49 

320 

4992.  12 

214.12 

700.99 

400 

5179  0? 

214  02 

752.  59 

B 

0 

4203  46 

215.  7J 

507. 14 

i 

320 

4393.24 

215.33 

550.40 

400 

4433.82 

215.  23 

564.85 

C 

0 

4124  14 

2*6. 33 

489.67 

320 

'224.52 

215.94 

511.84 

400 

4X?  90 

215.84 

521.50 

D 

0 

',007.94 

216.95 

464.72 

320 

4145.30 

?*6.55 

494  30 

400 

4185.52 

2’S.45 

503. tC 

table  o 

GROUND-SCATTER  DISTANCE  AND  TRUE  AND  VIRTUAL  REFLECTION 
HEIGHTS  FOR  30-MHz  TRANSMISSIONS  AT  1*  ELEVATION  ANGLE 


Electron 
Density  Model 

Surface 
Refractivity 
<N  Unite) 

Ground-Scatter 

Distance 

(km) 

True  Reflection 
Height 
(km) 

Virtual  Reflection 
Height  i 

(km) 

4. 

0 

3944. 84 

246. f7 

355.56 

32C 

4093  26 

246. 16 

382.70 

400 

1135  32 

246  .  03 

400. 11 

B 

0 

3973.60 

248.48 

360.73 

320 

4045.00 

247.95 

373. 75 

400 

4089.60 

247.82 

382. 01 

0 

3989. 24 

24 0.  39 

363.56 

320 

4057.  56 

248.86 

376.07 

400 

4102.84 

248.7? 

384.49 

D 

0 

4011.54 

250.38 

367.61 

320 

4074.66 

249.77 

379.23 

400 

4116.58 

249.64 

387. 07 

tabu:  i 


GROUND-riCATTES  DISTANCE  AND  TRU2  AND  VIRTUAL  REFLECTION 
HEIGHTS  FOR  30-MH*  TRANSMISSIONS  AT  3.5‘  EUVATION  ANGLE 


Electron 
Danaity  Modal 

Surface 
RsfracO-’lty 
(N  Unltai 

Ground-Scaltar 

Dtauace 

(km) 

Tru*  Redaction 
H«l*l>t 

(km) 

Virtual  Redaction 
Haight 
(kml 

A 

0 

3472.76 

348  44 

356. 21 

320 

3487.46 

248.84 

3*1.81 

too 

3505.66 

248.81 

365.31  j 

B 

o 

1501.80 

231.62 

364.  57 

320 

351*’.  48 

250.  98 

367.82 

400 

3538. 14 

250.  83 

371.  29 

0 

3510.42 

252.78 

3*6. 14 

320 

3550. 22 

252. 14 

373.55 

400 

3*11.44 

251.88 

3*5. 10 

P 

0 

3516.  88 

253.85 

367.71 

320 

3603.  22 

253.30 

383. 53 

400 

3642.38 

2C3. 13 

391.01 

1AII1  E  * 

UNLAK  KKIATlONMCr  HI  TWEES  RA.MR  HANOI'  AND  t.ROCND  DISTANCE 


S  *  Giound  Distance  (kmi 
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Figure  :i.  lirouml-Scutiet  Distance  As  A  t  unction  ol  Flri  ition  Angle  For 
Trai.smiss.ons  at  -0  Mil/,  loros'  hem-  Fleet  roe.  IVnsity  Model 
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Figure  4..  Ground-Scatter  Distance  As  A  Function  of  Elevation  Angle  For 

Trans  uissions  at  2t>  MM/,  lonoapher'-.  Fleet  me  Densiti  Model  D 
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Figure  7.  Hudai  Range  As  A  Emotion  t>{  l. mum!  I'l stance  At  30  alllt  Fur 
Ionospheric  Hectron  Densiti  Model  A 


Figure  3 


Radar  Range  As  A  Function  of  i'.  round  Distance  A!  30  MU*  For 
Ionospheric  Electron  Denalt.v  Model  D 
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DISCUSSION 


Comment  bv  N.C.  Orson  US 

It  should  be  noted  that  modified  refractive  indices  ot  401'  occur  primarily  in  t  topical  oceanic  areas.  o\ er  India 
during  She  monsoon  period  and  several  other  similar  geographic  areas  Range  changes  of  the  t>  pc  calculated  could 
be  expected  to  occur  primarily  in  these  areas  At  middle  latitudes,  modified  retractive  indices  ol  40U  or  more  woulu 
occur  primarily  during  summer  and  over  large  bodie*  of  water  \t  high  latitudes  .uch  ref; activity  are  rarely  attained 
if  a*,  all 

Author's  Comment 

It  is  true  that  surface  letractivities  of  400  N  units  most  likely  can  rot  be  ittamed  in  the  high  latitudes  llus  value 
merely  >riults  in  the  maximum  effects  'ha!  could  be  encountered  in  111-  propagation  Surla-.c  refractmty  of  ;>J0-N 
units  which  I  have  also  considered  in  this  stoJv  is  applicable  to1  average  conditions 


Comment  by  J  R  Wait.  US 

1  teel  that  tropospheric  ducting  coulu  play  a  role  toi  glaring  type  ia'  v  at  11. !  Such  duct  occurence  could  modify 
some  ol  these  conclusions 

Author's  Reply 

As  I  mentioned,  in  this  study  1  only  examined  the  effects  ol  thi*  standard  atmospheric  mode)  It  is  ouite  possible 
that  tropospheric  ducting  could  alter  the  results  presented 
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SUMMARY  OF  SESSION  II 
MODELING  OF  lONOSPHFRiC  PARAMETERS 


The  session  enFtled,.  “Modeling  of  Ionospheric  Parameters"  dealt  with  recent  developments  in  the  area  of 
ionospheric  modeling  for  the  purposes  of  improving  the  specification  of  radio  propagation  conditions.  The  aapers 
presented  in  the  session  and  the  ensuing  discussions  were  conctmed  with  improvements  ir  our  understanding  of  the 
dynamics  of  the  ionosphere,  improvements  in  our  ability  to  observe  significant  ionosphere  changes,  and  improved 
methods  for  translating  lonosph  .a;  information  into  radio  progagaticn  data  (and  vice  versa  I. 

The  paper  by  Wright  and  Paui  discussed  various  aspects  of  a  proposed  new  ionospheric  sounding  network  This  new 
network  is  composed  of  modem,  digital  lonosondes  that  are  fully  computer-interactive.  These  lonosondes  could  provide 
vertical  incidence  and  oblique  incidence  lonograms.  signal  amplitude,  direction  of  arrival  information  and  polarization 
the  authors  point  out  the  advantages  of  such  a  network  of  sophisticated  ionosondes  and  call  for  deliberate  planning  in 
the  upgrade  of  the  existing  ionoscnde  network. 

The  paper  by  Cho,  Migiiora  and  Felsen  addressed  a  new  method  of  analyzing  radio  propagation  using  a  combination 
of  ray  and  mode  theory  Using  as  an  illustration  the  propagation  of  radio  waves  in  an  elevated  tropospheric  duct,  the 
presentation  given  by  Felsen  stressed  how  the  hybrid  ray-mode  approach  could  be  readily  applied  to  a  number  of 
different  propagation  related  problems  across  the  frequency  spectrum 

The  paper  by  Fleury  and  Gourvez  discussed  the  importance  of  v.  rious  ionospheric  parameters  in  the  determination 
of  HF  long-distance  predictions.  The  authors  pointed  out  that  the  crit.cal  frequency  of  the  F2  region,  foF2  is  the  most 
important  parameter  in  the  determination  of  HF  propagation  conditions  and  they  discussed  how  uncertainties  in  foF2  are 
manifested  in  uncertainties  in  HF  propagation  predictions. 

The  paper  by  DuBroff,  Rao  and  Yeh  addressed  the  problem  of  determining  ionospheric  condibons  from  swept- 
frequency  oblique  baekscatter  ionograms.  The  presentation  by  Yeh  emphasized  the  methods  developed  to  obtain  an 
estimate  of  the  equivalent  electron  density  profile  that  results  from  the  inversion  of  backscatter  measurements. 

Goodman  discussed  the  morphological  behavior  of  HF  radio  waves  that  propagate  through  the  ionosphere  and  are 
observed  at  satellite  levels.  Performing  calculations  using  realistic  ionospheric  models  the  author  described  the  types  of 
informatio  i  about  the  ionospheric  structure  that  could  be  deduced  from  satellite  measurements  of  ground-based  HF 
signals  or  HF  noise  sources. 

The  paper  by  Prolss  provided  a  discussion  of  how  classical  ground-based  ionospheric  data  coupled  with  satellite 
observations  can  help  unravel  the  problems  associated  with  understanding  the  dynamics  of  the  ionosphere  during  a 
geomagnetic  storm.  The  author  pointed  out  the  extemely  important  fact  tlir.t  the  earth's  ionozed  atmosphere  can  not  be 
understood  and  predicted  in  the  absence  of  comparable  knowledge  about  the  neutral  atmosphere. 

The  paper  by  Hamischmacher  and  Rawer  addressed  the  day-to-day  fluctuations  in  the  ionospheric  parameters  and 
how  they  appear  tied  to  lunar  influences.  In  addition,  the  authors  discussed  apparent  p  anetary  influences  on  the 
observed  behavior  of  the  F2  region  critical  frequency. 

Hanlaba  describee  efforts  to  determine  operationally  useful  methods  of  predicting  the  maximum  usable  frequency 
(MUF)  The  technique  developed  permits  the  electron  density  model  given  by  Bradley  3nd  Duderey  to  be  subjected  to 
analytical  expressions  in  order  to  determine  HF  propagation  parameters. 


TOWARD  GLOBAL  MONITORING  OF  THE  IONOSPHERE  IN 
REAL  TIME  BY  A  BOTTOMSIOE  SOUNDING  NETWORK;. 

THE  GEOPHYSICAL  REQUIREMENTS  AND  THE  TECHNOLOGICAL  OPPORTUNITY 


J.W.  Wright  and  A.K.;  Paul 
Space  Environment  Laboratory 
NOAA  Environmental  Research  Laboratories 
Boulder,  Colorado  80303 


SUMMARY 

We  take  as  granted  that  improved  knowledge  of  the  upper  atmosphere  is  necessary  for  scien¬ 
tific,  social,  commercial,  and  defensive  purposes;  that  even  as  such  knowledge  advances,  practical 
applications  will  require  continuous  me-ilnring  of  easily-observable  atmospheric  properties;  that  of 
these,  the  concentration  of  ionizatior  between  6C  and  400  Km  is  at  once  the  most  informative  and 
easily  observable  property;  and  finally,  that  HF  radio  sounding  retains  an  'mpcrtant--and  perhaps 
predominant--role  in  this  field  of  environmental  monitoring. 

Current  developments  in  ionospheric  sounders  demonstrate  the  advantages  of  fully  computer- 
interactive  systems  and  digital  data  acquisition,  in  which  all  aspects  of  system  control  and  real¬ 
time  data  processing  are  software-defined.  Priority  is  at  present  given  to  "vertical  incidence" 
capabilities,  and  particularly  to  automatic  estimation  of  the  electron  density  distribution  (and  its 
time  variation)  overhead.  Two  or  more  such  instruments  can  obtain  measurements  oistatica'My  to 
sample  ionospheric  properties  at  intermediate  locations.  Measureable  prooerties,  whether  by  verti¬ 
cal  or  oblique  sounding,  include  the  time  and  frequency  dependence  of  group  path  and  phase,  the 
signal  amplitude,  the  echo  direction  of  arrival  and  polarization.  Deducible  ionospheric  properties 
again  include  the  vertical  electron  density  distribution,  but  now  extend  to  its  spatial  and  temporal 
variations  over  the  region.  Reduced  data  may  be  exchanged  among  the  systems  using  the  same  facili¬ 
ties  as  used  for  bistatic  soundings.  Additional  information  on  Ionospheric  structure  is  available 
to  each  system  by  ground  backscatte-  and  by  passive  observation  of  nearoy  (100-2000  Km)  transmitters 
f  known  location,  frequency,  and  transmission  schedule.  Sounder  transponders,  using  telenhone 
lines  to  return  information,  can  provide  additional  detail.  A  global  network  uMng  ionosonde 
systems  of  this  kind  is  virtual’y  certain  to  evolve  naturally  out  of  present  interests  and  capabili¬ 
ties.  It  will  replace  the  ISO-odd  obsolete  ionosondes  now  in  use  with  a  minimum  of  about  90  widely- 
spaced  digital  ionosonde  centers  having  the  capabilities  described  above,  90  such  instruments  being 
sufficient  for  global  bistatic  soundings  over  2500  Km  distances.  The  "natural"  evolut-jn  of  this 
program  might  consume  25  years,  and  be  rather  haphazard.  Deliberate  planning  today  can  reduce  this 
time  and  improve  the  resulting  system. 


1.0  INTRODUCTION 


1.1  The  Present  Ionosonde  Network 


There  are  about  150  ionosondes  operating  on  the  globe  -.oday,  at  locations  identified  by  the 
various  parts  of  Figure  l.;  Only  a  handful  1  of  these  are  reasonably  modern  instruments,  the  great 
majority  following  design  concepts  which  were  developed  in  the  1940' s  and  1950' s.  They  commit  their 
measurement  information  to  analog  film  in  the  form  of  "ionograms".  Even  a  few  manually  tuned 
instruments  are  still  in  regular  use,  requiring  fuil-time  operators..  Only  a  small  fraction  (usual1*' 
25 o )  of  the  ionograms  are  reduced  to  numerical  data.  Reckoned  in  terms  of  directly  meaningful  geo¬ 
physical  ouantities  this  amounts  to  some  half-dr’en  parameters  manually  "digitized"  fo*  each  hour. 
Long  multi-'olar  cycle  tint-  series  of  only  a  few  of  these  narameters  are  available  and  crom  only  a 
few  stations.  Conversion  of  ionograms  to  electron  oensity  profiles  ( N( z) )  is  only  done  in  egularly, 
with  a  few  exceptions  (Wright  and  Smith,  1967;  IAG-54,  1976,  p.  27-29.. 

This  is  an  unnecessarily  wasteful  situation,  and  one  unworthy  of  carrying  on  through  the 
1980's.  Many  of  the  traditional  installations  of  Figure  1  should  be  considered  by  their  governing 
achiini strati ons,  not  as  "better  than  nothing"  contributions  to  an  international  "network",  tut  as 
actual  and  active  obstacles  to  the  evolution  of  a  serviceable  network.;  An  unfortunately  pre'alent 
example  of  the  counterproductivity  cf  the  traditional  methods  is  the'r  preservation  (usually  under 
government  sponsorship)  at  educational  institutions.  This  becomes  more  evident  when  the  modern 
alternatives  are  understood.  Despite  the  immediate  impression  which  this  paragraph  might  give,  ’t 
is  not  intendec  as  an  incentive  to  the  abrupt  and  arbitrary  termination  of  ionosonde  stations. 
Instead,  we  wish  to  encourage  a  planned  redistribution  of  the  present  resources,  leading  to  a 
smaller  number  of  modern  stations  which,  individually  and  collectively,  will  provide  much  more  in¬ 
formation  (and  do  so  more  rapidly)  than  can  the  present  network.. 

It  must  be  emphasized  that  the  stations  of  Figure  1  function  m  a  largely  uncoordinated  manner; 
it  is  usually  only  in  a  long-^erm  (monthly-median)  sense  that  this  degree  of  "global  coverage"  can 
even  be  approached.  To  a  contrasting  extreme,  Europe,  parts  of  the  Soviet  Union,  India,  and  the  Far 
East  are  saturated  with  traditional  instruments.-  There  exist  several  regional  programs  (USA,  USSR, 
France,  India)  for  representing  and  forecaiting  large-scale  ionospheric  structure.  A  "global"  pro- 


grew  (Thomson  and  Secan,  1979)  Is  maintained  by  the  AFGWC .  based  in  part  upon  data  from  44  widely- 
spaced  ion-.ondes  (some  providing  near-real-time  parameters).  However,  this  comparatively  ambitious 
effort  is  considered  "data-starved"  by  its  authors.- 

Apart  from  such  needs  for  more  data  is  there  a  need  foi  a  modern  alternative?  We  fee!  that 
this  question  is  too  easily  begged  by  toe  demonstration  that  only  a  fraction  of  the  information 
obtained  from  the  present  "twork  is  actually  used.  (What  is  so  demonstrated,  of  course,  i>  that 
most  of  tnis  information'  is  not  useable).  1  -e  practical  need  for  a  modern  ionospheric  no:n ton ;.g 
network  is  best  presented  by  those  who  would  or  could  use  the  information  >n  telecommuoicat ions, 
environmental,  defense,  and  commercial  applications.  As  geophysicists,  we  can  assert  with  confi¬ 
dence  that  data  from  a  modern  network  will  certainly  be  used  in  geophysics.  The  data  would  be  in 
computer-accessible  fen,  and  expressed  in  geophysical  parameters,  at  the  point  r-f  measurement. 
Although  the  geophysical  community  probabl.  cannot  bring  jbout  a  modern  network  for  "their"  goals 
alone,  we  believe  that  these  goals  serve,  and  subsume,  all  nf  the  others. 

1 . 2  The  Pule  of  the  lonosonde  in  Atmospheric  Physics 

“The  ionosphere  occupies  a  key  position  in  solar  terrestrial  physics  because,  extending  up  to 
the  magnetosphere  and  down  to  the  domain  of  meteorology,  it  impinges  on  both",  (Rishbeth  and  Kohl, 
1976).  Quite  analogously,  radio  sounding  by  total  reflection  occupies  a  key  position  in  ionospheric 
measurement:  the  plasma  is  a  sensitive  tracer  of  virtually  all  atmospheric  processes  underway  in 

the  ionosphere,  and  radio  wave  reflection  provides  a  plasma  probe  of  unparalleled  sensitivity.  Some 
of  the  measurements  are  useful  directly,  without  conversion  to  geophysical  parameters,  as  in  the 
representation  of  long-distance  radio  communication  conditions.  They  may  also  be  inverted  to  a 
variety  of  atmcspl  eric  information,  much  of  it  available  in  no  other  practical  way.  T he  methods  can 
provide  information  on  all  scales  uf  the  temporal  spectrum,  intending  irom  the  beomning  of  our 
awareness  of  the  ionosphere  a  half-century  ago,  down  through  those  (of  solar  or  t?rr-  tr>j'  origin) 
occupying  fractions  of  a  second.  Information  desenbi  .g  a  wide  range  of  spatial  siaies  >  acces¬ 
sible  from  a  single  observing  location,  typically  starting  with  those  comparable  to  the  rad'o  wave¬ 
lengths  used  (.01  -  .3  Km),  and  extending  far  beyond  the  first  Fresnel  zone  scale  (typically  3  Km) 
to  horizontal  scales  at  least  as  large  as  the  height  of  the  ionosphere,  100  -  300  Km. 

These  features  are  not  obtained  without  some  compromise,  of  course.-  Total  reflection  itself 
means  that  the  topside  ionosphere  (and,  occasionally,  everything  above  an  intense  Sporadic  E  layer) 
is  beyond  observation.  Historically  more  significant  is  the  fact  that  for  p^poses  other  than 
simple  radio  prop.igat.on  applications,  the  wanted  geophysical  informatiu.-.  is  only  ind'rectly  avail 
lblc  from  tocal  reflection  measurements.-  Numerical  inversion  procedures,  some  of  them  rather 
lifficult  or  uncertain,  are  usually  required.  To  attain  the  full  benefit  of  total  reflection  sound¬ 
ing  under  t!  ese  circumstances,  there  are  three  inescapable  requirements: 

1.  The  measurement  system  must  have  complete  agility  in  time  and  frequency  sound’ng  patterns, 
and  it  must  obtain  a  full  descript’. 'n  of  each  radio  echo.  It  follows  that  the  system  must 
be  prcgramable  and  digital. 

2.  The  measurements  must  be  ful  ly  re&iced  to  the  geophysii -1  information  they  contain;  other¬ 
wise,  when  reduction  is  incomplete,  the  interpretation  of  each  part  suffers  unnecessary 
ambiguity.- 

3.  Global  (o-  at  least  regional)  and  con.inuous  monitoring  is  necessary,  first  for  obvious 
reasons  identical  to  those  for  meteorology,  and  also  because--as  suggested  by  thi*  paper-- 
temporal  aid  spatial  continuity  of  measurement  proves  the  necessary  information  by  which 
each  instrument  can  adapt  its  a».ta  acquisition  pattern  to  prevailing  conditions  ir,  the 
ionosphere.. 

In  the  Following  sections  we  shall  summarize  the  demonstrated  measurements  capabilities  of  the 
"Dynasonde"  class  of  ionosphsr’c  measurement  systems  (Wright,  1°';9;  Wright  and  Pitteway,  1979  a,  o'  f 
which  we  believe  satisfy  requi-ement  1,  above..  Some  natural  extersions  of  these  capabilities  *.o 
provide  oblique  Incidence,  backscatter,  and  passive  observations  of  the  ionosphere,  each  contribut¬ 
ing  to  increased  lateral  converage,  are  also  described.  Examples  of  available  data  processirg 
procedures  are  given  to  illustrate  the  present  position  with  regard  to  requirement  2;  we  also 
Identify  some  fi  ether  developments  which  are  needed.  Kinj’ly,  we  attest  to  suggest  the  size, 
deployment,  modes  of  operation,  costs  and  benefits  of  a  global  Ionospheric  monitoring  network  satis¬ 
fying  requirement  3. 

Two  additional  introductory  comments  seem  worthwhile.  it  is  frequency  proposed  that  ionos¬ 
pheric  predictions  and  morphology  can  (eventually,  at  least,  und  to  some  useful  approximate. )  be 
der'ved  from  theoretical  modeling,  instead  of  from  empirical  observation.  Without  wishing  to  risk 
judgement  of  this  question  for  the  distant  future,  we  suggest  that  at  present  this  view  inverts  the 
role  which  theoretical  models  can  and  should  play-  Furthermore,  this  view  purports  to  conclude  that 
an  ionospheric  monitoring  network  is  not  needed  Again,  the  analogy  with  meteorology  is  instruc¬ 
tive.  Ionospheric  'weather"  is  immediately  and  eisily  observable  by  radio  sounding,  and  the  prob¬ 
lems  of  (short-term'  predictions  (i.e.,  extrapolation)  and  morphology  can  be  reduced  to  those  of 
data  processing  and  cosmuni cations,  provioed  that  an  adequate  observing  program  is  maintained.  The 
proper  use  of  theoretical  modeling,  we  feel,  is  to  extract  from  empirical  observation  of  the  ionos¬ 
phere  thoso  propei ties  of  the  atmosphere  which  are  difficult  to  observe  directly.  We  shall  suggest 
some  examples  later  in  this  paper.  Secondly,  we  wish  to  emphasize  the  close  relationship  to  be 
anticipated  between  monitoring  and  researvn,  should  a  network  of  modern  ionosondes  be  established. 
The  rejearch  worker  requires  background  (or  monitoring)  data  in  nearly  every  investigation,  and  most 
observational  research  programs  can  augment  the  "monitoring"  data  base.  An  important  feature  of  the 
Dynascnde  class  of  digital  Ionosondes  is  their  ability  (through  suitably  programmed  operating  sys¬ 
tems)  to  maintain  scheduled  monitoring  activities  while  performing  research-oriented  measurements  as 
well.  Further  significant  improvement  in  the  practical  applications  of  ionospheric  knowledge  (e.g. 
for  coawjni cations,  environmental  concerns,  detection  of  unnatural  disturbances,  etc.)  is  surely  to 
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be  qalned  through  improved  understanding.  And  improved  understanding  demands,  we  brli.-ve  a  more 
comprehensive  monitoiing  effort  of  the  kind  proposed  here. 


2.0  DYNASONDE  MEASUREMENT  CAPABILITIES 
2.1  HarAvare  Aspects  of  a  Modern  Digital  Ionosonde 

The  necessary  hardware  features  of  Dynasonde  systems  have  been  adequately  described  elsewhere 
(Wright,  1975,  1977)  and  need  not  be  reviewed  here.  It  is  sufficient  to  show,  with  Figure  2,  the 
functional  layout  of  the  latest  such  system  as  designed  and  assembled  at  WCAA-SEL  by  R.  N.  Grubb. 
The  general-purpose  omputer,  supported  by  the  usual  digital  peripherals  and  by  two  microcomputers 
dedicated  respectively  to  real-time  signal  processing  and  system  timing  management,  are  the  essen¬ 
tial  features  by  which  requirement  1  of  our  Introduction  are  achieved.  The  minicomputer,  disk 
memory  and  tape  provide  a  large  potential  'or  real-time  and  deferred  data  processing,  in  addition  to 
complete  flexibility  for  defining  data  acquisition  patterns.  Realization  of  tne  full  potent'al  of 
these  Instruments  will  require  a  considerable  amount  of  further  software  development,  and  field 
tests.  However,  much  of  this  potential  has  been  demonstrated  in  a  prototype  Dynasonde  (Wright, 
1969,  1975,  1977).  Much  more  on  the  matter  of  oblique  incidence  radio  measurements  has  been  accomp¬ 
lished  elsewhere  quite  Independently  of  the  Dynasonde,  but  which  may  be  incorporated  into  the  new 
instruments  through  software  (and  perhaps  some  harAvare)  extensions. 

2-2  Geophysical  Functions 

The  geophysical  functions  of  a  digital  ionosonde  are  suggested  by  Figure  3,  where  we  dis¬ 
tinguish  among: 

Observables  including  the  "dependent  variables"  which  are  measured  for  each  ionospheric  echo-- 
effectively  the  group  patn  and  phase,  and  echo  amplitude.  These  (oi  equivalent)  quantities  must  be 
obtained  as  functions  of  the  independent  variables  for  space,  time,  and  radic  frequency.-  The  fre¬ 
quency  converts  directly  to  plasma  density,  but  the  'pztial  localization  of  the  echo  is  an  involved 
inversion  problem. 

Derivables  are  quantities  obtained  by  calculation  from  the  observables  using  established  theory  and 
(If  appropriate)  statlstlcally-lnformatlve  estimation  procedures.  The  status  of  some  of  these  data 
Inversion  procedures  was  discussed  by  Wright,  1975,  and  need  not  be  repeated  here.  They  Include 
methoos  for  obtaining  tne  electron  density  distribution  from  multi  frequency  vertical,  oblique,  and 
backscatter  soundings,  methods  for  locating  and  tracir.c,  discrtte  "targets"  of  medium  scale,  and 
methods  for  de-iving  Ionospheric  velocities.. 

Deducibles  include  almost  all  of  the  parameters,  properties  and  processes  of  the  higher  neutral 
atmosphere  and  Ionosphere.  Some  of  these  (e.g.  winds,  conductivity)  are  almost  directly  related  to 
observables,  and  might  be  included  in  the  “Derivable"  category.  Others  (e.g.  eddy  mixing,  electric 
fields)  are  hardly  observable  by  any  direct  means,  and  must  be  dei-ced  From  their  effects. 

amp  arables  are  quantities  or  processes  which  arc  neasurable  by  means  entirely  independent  of  radio 
sounding.  They  are  often  Important  for  validation  of  data  acquisition  and  Inversion  methods,  and  of 
course  both  "sides"  may  benefit  In  such  comparisons. 

i .  3  The  Adaptive  N(z.t)  Mode 

By  far  the  most  fundamental  Item  of  information  to  be  derived  from  radio  sounding  is  the  elec¬ 
tron  density  profile,  N(z).  An  automatic  procedure  which  optimizes  input  data  selection  has  been 
demonstrated  (Wright,  et.  al.,  1972),  and  a  simplified  but  accurate  inversion  routine  for  minicom¬ 
puters  is  available  (Paul,  1977).  Awaiting  further  development  in  the  new  digital  ionosondes  is  the 
adaptive  real-time  profile  measurement  system  (A-mode)  illustrated  in  Figure  4  for  N(z,t).  Although 
there  may  be  about  1000  measurement  frequencies  in  a  typical  ionogram,  less  than  50  of  these  are 
usually  selected  (subjectively)  for  group  range  input  to  the  inversion  procedure.  The  AJT0NH  pro¬ 
cess  automates  and  optimizes  this  election,  based  upon  knowledge  of  the  just-proceeding  profile. 
The  adaptive  procedure  of  Figure  4  uses  the  specification  of  optimum  frequencies  in  a  further  step, 
to  control  the  sounding  activity  itself.  By  thus  separating  the  functions  of  "ionogram"  sounding 
(which  is  still  useful  for  its  familiar  display  of  ionospheric  structure)  from  the  N(z,t)  profile 
furctlor.,  much  better  temporal  resolution  and  continiity  In  the  prof’le  may  be  achieved.  Further¬ 
more,  It  seems  reasonable  that  the  same  frequencies  as  are  selected  dynamically  In  A-mode  (plus  a 
few  others  to  make  the  procedure  more  robust)  are  also  the  optimum  frequencies  for  drift,  angle-of- 
arrlval,  temperature  and  other  estimation  procedures. 

A  few  examples  are  worthwhile  to  support  some  of  the  ’Deducibles'  of  Figure  3  which  are  less 
widely  recognized  as  available  by  total-reflection  sounding. 

Ionospheric  Temperatures:'  The  plasma  temperature  (the  mean  of  the  electron,  ion  temperature) 
controls  the  F?  layer  'hickness  apart  from  transient  departures  due  to  winds,  waves,  and  e’ectric 
fields.  The  scale  height  and  plasma  temperature  are  thus  available  (after  averaging  away  trans- 
i  tori  a)  from  the  curvature  of  the  N(z)  profile  at  the  laye.  peak  (Rishbeth  and  Garriott,  1969, 
4.41).  lhat  this  works  in  practice  is  suggested  by  a  number  of  synoptic  studies  (Wriqhl,  1963, 
1964;  Becker  and  btubbe,  1963;  Rohrbanyh,  et.  al.,  1973)  and  by  the  small  sample  of  direct- 
comparison  data  In  Figure  5.  An  entirely  independent  method  for  obtaining  temperatures  is  based 
upon  the  deviutive  absorption  suffered  by  radio  waves  reflected  near  E  and  F  layer  peaks  (Ganguly, 
1974;  Sabra  and  Verkatachari ,  1575 ) ,  An  example  (from  Oanilkin,  et.  al.,  1978)  is  shown  in  Fig¬ 
ure  6;  it  compares  values  of  collision  frequency  made  near  the  E  peak  (96-110  Km)  with  values 
computed  using  gas-kinetic  theory  and  an  atmospheric  model.  The  collision  frequency  and  (neutral) 
tenperature  are  closely  related  at  E  region  alcitudes,  but  comparative  data  are  desirable  to  vali¬ 
date  the  deduction  of  temperature. 


Neutral  Composition:  The  F2  layer  electron  density  depends  strongly  on  the  composition  ratio 
[0)/[N2T,  and  several  authors  have  i ;ed  this  fact  to  deduce  the  rat.o  (and  related  r-utral  composi¬ 
tion  information)  from  m( z)  profiles  (Prolss,  et.  1074.  Antoni adi as,'  1P/6).  ihe  example  of 
Figure  7  (from  Stubhe,  1073)  compares  reitoria)  from  the  curvature  ot  Hie  N(z)  orofile  at  the  layei 
with  measurements  by  the  OGU-6  satell  te  and  by  6300  airglow.  lhe  practical  use  of  such 
deductions  may  certainly  be  qieslioned,  at  least  until  more  calibration  and  modeling  have  been 
carried  out,  but  these  examples  show  the  proper  role  of  theoretical  modeling  and  the  importance  of 
identifying  sel f-consistrncy  in  *ho  system  illustrated  by  Figure  3. 

Neutral  Wind;;.  it  is  now  well  established  that  analysis  of  the  moving  radio  dit traction 
pattern,  measure?  at  tn»  qround,  yields  a  good  estimate  of  the  neutral  air  motion  at  the  radio 
reflection  level  (Wright,  et.  al.,  1*175  a,b).  This  makes  the  measurement  of  winds  virtually  direct 
and  "Derivable",  although  the  statistical  analysis  procedure  is  rather  lengthy  (Fedor,  1067).  [A 
simplified  procedure  .ias  been  developed  by  Paul  ( 1 9 7 ' :  unpub’ i  shed)  for  real-time  use  in  a  digital 
ionosonde,  and  is  being  tested.]  The  reason  that  radio  diffraction  from  the  plasma  can  convey 
information  on  the  neutral  air  motion,  even  when  the  bulk  motions  of  the  two  gases  may  differ,  is 
not  fully  understood;  presumably  irregularities  in  the  two  ga*e$  are  closely  coupled,  even  where 
their  motions  are  not. 

Numerous  other  examples  of  parameters  and  phenomena  deducible  from  ionospheric  radio  sounding 
may  be  mentioned: 


Sunstorm  electric  fields  (Ruster,  l*>t>6) 
energetic  particle  precipitation  (Wright,  1<>?5) 
Large-scale  atmospheric  waves  (Thome.  |%4. 

Morgan,  et.  al.,  1978;  Harper  and  r.owhill.  1074) 
Jet-stream  induced  waves  (Vidal-Madjar.  et.  al . ,  ]078) 
Tsunami -warning  (Najita,  et.  al.,  1974) 

Atmospheric  explosions  (Broche,  1*177) 

Aircraft-induced  disturbances  (Marcos.  19p6) 

2.4  The  Need  for  Coordinated  Measurements 


Returning  our  attention  now  to  Figure  3,  two  similar  points  deserve  separate  emphasis.  Each  of 
them  involve  the  l'.ies  among  boxes  in  that  diagram  rather  than  the  boxes  themselves: 

The  relationships  among  "Derivable"  and  "Deducible”  properties  a-’  identical  to  the  subject 
matter  often  termed  "theoretical  modeling"  of  the  ionospher-  and  high  atmosphere.  Althouqh  par¬ 
ticular  links  between  boxes  must  often  be  developed  in  isolation,  it  is  the  degree  of  success  of_t he 
entire  pattern  as  a  self-consistent  system  which  expresses  our  state  of  JcnowTe3ge."  “IT  Important 
TTnfs~5re  omTtteT- ffTHTe  modeling,  or  are  inaccessible  because  of  mrisureme.it  system  limitations, 
confidence  in  the  entire  structure  suffers.  An  imnortant  advantage  of  HF  sounding  is  the  fact  that 
it  can  "stand  alone”,  if  need  be.  In  providing  the  essential  input  to  most  of  Figure  3. 

Secondly,  and  speci fical  1"  regarding  total  reflection  sounding.  «<•  must  emphasize  the  interde¬ 
pendent  character  of  the  'observables'  in  their  relation  to  the  denvables.  EarWr  sounding 
systems  wnich  (for  example)  measured  ionospheric  absorption,  or  doppler.  or  direction-of-arrival ,  or 
drifts,  at  one  frequency  only,  were  exploratory  and  developmental  efforts  of  pioneer’nq  value,  but 
it  is  only  through  doing  all  of  these  in  conceit  that  the  modern  digital  ionosonde  can  be  expected 
to  perform  adequately  for  the  geophysical  functions  of  Figure  3. 

An  extrapolation  of  this  second  point  provides  the  main  theme  for  the  present  paper.  A  very 
small  number  of  digital  ionosondes,  no  matter  how  sophisticated,  can  ot  course  not  satisfy  require¬ 
ments  for  global  monitoring  of  propagation,  ionospheric,  or  geophysical  conditions.-  Rut  a  threshold 
exists  at  which  a  moderate  number  of  competent  instruments,  operating  with  real-time  coordination, 
can  do  so.  In  addition  to  the  "vertical-incidence"  measurement  capabilities  just  described,  the 
same  hardware  and  data  processing  facilities  are  applicable  to  measurement  of  lateral  variability  in 
the  ionosphere  with  relatively  little  modification,  as  discussed  in  the  next  section. 


3.0  METHODS  FOR  IATERAI  OBSERVATIONS 

Ionosondes  with  typical  power,  sensitivity,  and  antenna  systems  have  a  "field  of  view"  roughly 
comparable  to  the  radius  of  the  station  labels  in  Figure  1.  This  is  about  500  km  for  the  F  reyion, 
and  proportionately  less  for  the  lower  ionosphere.  A  horizctal  component  of  the  local  ionization 
gradient  displaces  the  condition  for  total  reflection  from  "iverhead",  anfl  variations  of  the  gradi¬ 
ent,  if  large  enough,  can  cause  mu'tiple  specular  po’nts  to  occur..  These  are  abundant  and  self- 
evident  in  routine  ionograms,  but  in  such  recordings,  lacking  any  information  concerning  echo  direc¬ 
tion  of  arrival,  the  1'teral  and  vertical  structure  is  usually  confounded.  This  is  another  example 
of  the  counterpreductivity  of  the  standard  loncsonde.- 

In  modern  instruments  (Figure  l)  accurate  measurement  of  echo  complex  amplitide  at  a  c'osely- 
spaced  array  of  receiving  antennas  permits  calculation  if  the  direction  of  rival  of  each  echo. 
(Paul,  et.  al . ,  1974;  Wright  and  Pitteway,  *979b).  ;f,  in  addition  to  the  "vertical -incidence" 
transmi;ting  antennas,  there  are  available  broad-bann  antennas  producing  low-elevation  r.  Jizt'on  in 
several  azimuths,  the  sas*?  fonosonde  can  obtain  a  much  qreater  lateral  view  by  a  va-lety  of  well- 
established  or  potentially  valuable  methe-*s.  Figure  8  suggests  the  relationships  ,vnony  thesz,  and 
gives  them  pseudo-acronyms  for  the  sake  of  brevity  in  identi fication. 


3. »  DYNASNU 


lo 


Measurement  of  the  zenith  and  azimuth  angles  of  a>  -ival  (hiring  ionogram  or  adaptive  soundings 
provides  information  on  the  nature  and  magnitude  of  io.ospliere  tilts  and  horizonta’  gradients.  If 
the  tilt  changes  slowly  with  radio  frequency  (height)  or  time,  a  large-scale  structure  is  implied, 
small-scale  structures  produce  correspondingly  smaller  tuv  and  heiytit  scales.  Dual : tatnolv  dif¬ 
ferent  effects  occur  for  intense  structure  of  small-scale:  more  than  one  normal -incidence 

reflection  point  may  occur,  and  looping  rgy  paths  (not  involving  normal  incidence)  are  found  occe 
sionally  (Paul,  Smith  and  Wright,  1968).  Doppler  information  may  provide  an  extra  dimension 
discrimination  when  multiple  ray  paths  are  known  or  suspected  (Pfister  19?1,  lirownlie,  et .  al., 
1973) . 


Methods  for  converting  this  lateral  information  into  a  quantitative  3-dimensional  description 
of  the  local  ionosphere  are  not  fully  developed.  Distinct  targets  (e.q.  ,;V  clouds,  Wright,  1974  ) 
can  be  located  and  tracked  by  “ecbolocation"  cilculatlons  from  spaced  antenna  data,  and  the  same 
techniques  are  clearly  applicable  to  electron  clouds  produced  by  energetic  particle  precipitation 
ana  to  other  discrete  “sporadic  1“  patches.  Irregularities  wiii  ’’soft”  boundaries  embedded  in  the 
higher  ionosphere  are  more  difficult  to  observe  and  to  interpret  They  must  be  divided  according  to 
whether  their  electron  density  exceeds  the  background  density,  or  is  exceeded  by  it.  Depletions 
tend  to  be  more  chscr/ible  tnan  ionization  enhancements  since  the  far  side  of  a  hole  provides  a 
concave  focussing  surface.  Conversely,,  enhancements  create  defouissmg  surfaces,  and  unless  these 
arc  below  about  150  Km  altitude  (where  small-scale  irregulari  tie  .•  give  them  a  rp.igh  scattering  sur¬ 
face)  they  may  escape  detection  by  ionosondes  (Wright  and  Paul,  unpublished  manesiHpt  describing 
Ha*  cloud  experiment,  at  various  altitudes).  Even  when  abundant  echoes  from  an  embodied  disturbance 
are  cvaiiable,  no  direct  inversion  procedure  is  available  to  co-rect  the  data  ,n  y  description  of 
the  irregulari ty;  iterative  ray-tracing,  to  "home"  on  several  cistinctive  propeities  of  the  dati 
(group  range,  angle-of-arrival ,  frequency- dependence,  observing  location)  is  necessary  (Paul.  Smith. 

Wnght  l Q7fl ) .  For  much  larger  gradient  scale  lengths,  a  method  is  needed  to  combi  r(«  electron 
density  profile  Inversion  with  echo-location.  A  first-orde*-  correction  for  layer  tills  is  easy, 
the  echo-location  calculation  yields  the  "group  path  vector"  (Paul,  Wright  and  Fedor,  1974)  ar.d  the 
vertical  component  of  the  vector  can  simply  be  us'd  for  h’  in  the  profile  inversion.  Wh'le  this 
approach  may  somewhat  improve  the  profile  estimates  (in  the  sense  c>f  yielding  profiles  which  are 
more  consistently  "vertical")  it  is  only  an  approximation,  and  it  yields  litt'e  direct  Info.iration 
on  the  lateral  gradients  except  when  the  large  cale  of  a  tilt  is  self-evident.  The  analysis  tan  be 
carried  further  by  ray  tracing  at  the  measured  angle-of-a-rival  into  the  "vertical1  profile  intro¬ 
ducing  enough  "tilt"  to  obtain  norma)  incidence,  reflection  at  the  critical  ion-;atior  contour.  The 
logic  of  such  a  procedure  is  suggested  by  Fiqure  6.-  The  analysis  tnen  requires  iteration.  Theso 
methods  can  be  expected  to  provide  an  acceptably  accurate  description  of  lateral  variability  within 
a  100  Km  radius. 

3.2  OPORTUHi : 

Passive  observations  of  "transmitters  of  oppe-tun'. t>"  might  provide  useful  supplementary 
information  concerning  lateral  gradients  and  traveling  rii sturbances,  at  only  the  "cost"  of  .ata 
processing.  For  remote  transmitters  if  known  schedule,  location  and  frequency  stability,  the  digi¬ 
tal  ionosonde  can  measure  the  presence,  field  strength,  Doppler,  and  angle-of-arrival  of  the 
signal.  A  minimum  o'  about  0.5  seccnds  observation  per  frequency  should  be  sufficient  for  tbi‘, 
divided  equally  between  the  same  two  orthogonal  pairs  of  receiving  antennas  as  are  used  for  'verti¬ 
cal'  sounding.  However,  <t  should  be  noted  that  Haulch  and  Hutcher  (197B),  who  have  performed  CW 
angle-of-arrival  experiments  of  this  kind,  suggest  that  much  longer  ohso'-vation  times  (  10  sec.)  are 
desirable  to  reduce  effects  of  mixed  1,  l  hop  siqnals.  OPURTUNF  might  in  principle  be  applied  to 
signals  originating  out  to  the  i  hop,  limit  (2000-4000  Km),  but  as  thi«  implies  low  arrival  angles. 
Short  wavelengths,  and  vertical  polarization,  special  antennas  would  be  needed  It  is  probably 
better  to  advocate  the  method  for  shorter  distances,  sav  netween  200  and  1000  Km  ground  range,  until 
its  usefulness  and  limitations  are  better  establ  isheu.  If,  in  each  of  six  azimuths,  five  trans¬ 
mitters  at  ranges  of  about  200,  400,  600,  800  and  1000  Km  were  available,  OPORTONF  would  require  lb 
seconds  for  data  acquisition.  T’’e  sampling  of  each  azOnuth  should  be  followed  by  its  180°  comple¬ 
ment,  since  the  Information  fron  such  paired  directions  is  most  easily  combined  with  the  "vertical" 
sounding  results. 

3.3  BAKSCTR 

With  transmitting  antennas  which  favor  a  particular  azimuth  and  an  intermediate  zenith  angle, 
oblique  backscatter  »t  frequencies  exceeding  the  overhead  critical  frequency  may  be  observed.  About 
all  that  is  seen  by  systems  of  ordinary  power  is  the  -o  called  "leading  edge  backscctter”- -the 
envelope  of  skip-distance  or  min'cium-time-delay  scatter,  and  even  that  is  seldom  avai’aple  beyond 
half-paths  of  about  1500  Km.  Within  the  observable  range,  however,  the  trace  provides  nearly  direct 
information  on  the  variation  of  maximum  density  with  distance  from  the  observing  location.  Computer 
simulation  and  the  development  of  back«catter  data  analysis  is  being  pursued  actively  by  the  Uni¬ 
versity  of  Illinois  (OuBroff,  et.  al.,  1978);  backscatter  measurements  have  been  used  to  m„,>  foF2 
within  a  radius  of  1500  Km,  by  Hatfield  (1970).  The  analysis  is  aqaln  Iterative;  starting  from  the 
local  vertical  distribution,  it  attempts  to  match  group  range  by  rgy  tracing  in  a  model  with  adjust¬ 
able  gradients  of  peak  density,  height,  an  thickness.  DuBroff,  et.  al .  (1978)  show  that  these  can 
be  recovered  with  acceptable  accuracy  from  the  data.  However,  the  methods  require  considerable 
computer  time,  even  in  a  large  machine,  and  uniqueness  suffers  in  the  presence  of  quadratic  gradi¬ 
ents  and  underlying  ionization. 

For  tracking  sporadic  E  clouds  these  refraction  problems  do  not  arise,  ind  backscatter  can  be  a 
powerfu’  tool  for  detecting  such  clouds,  esti sating  their  diameters,  velocities,  and  sizus  (Tanaka, 
1979). 


Ill  f> 


3. 4  _B!J>TAT: 

Bistatic  oblique  sounding  over  one-hop  paths  provides  a  means  for  probing  the  ionosphere  at  the 
path  midpoint.;  If  transmission  and  reception  in  both  directions  is  performed,  the  absolute  group 
path  delay  is  the  mean  value  of  the  two  observed  echo  delays  measured  from  the  local  transmission 
times.  The  only  timing  accuracy  required  is  that  which  Is  sufficient  to  assure  frequency 
synchronization,  and  is  of  thp  order  of  the  repetition  interval.  Numerous  experimental  proqrims  of 
oblique  sounding  have  been  tairied  out  (Oavies,  1965..  %  4.41),  and  some  specific  propagation  paths 
are  routinely  monitored  by  the  chirp  version  of  the  hardware  (Barry  S  Fenwick,  1969).  inversion  of 
oblique  ior.oqrams  to  miupolnt  N{ z )  profiles  is  not  fundamental ly  different  from  the  vertical  sound- 
tno  problems,  but  some  quantitative  Histinctions  are  important: 

1.  For  the  same  electron  density  at  "reflection",  j  higher  radio  frquency  is  required,  in 
proportion  to  the  secant,  of  the  take-off  zenith  angle. 

2.  Magnetoionic  effects,  important  for  separate  consideration  of  ordinary"  and  "extra¬ 
ordinary"  propagation  modes  at  vertical  incidence,  become  steadily  less  important  as  tie, 
distance  of  oblique  propagation  increases.-  Partly,  this  results  from  the  use  or  Ingner 
frequencies  in  relation  to  the  electron  gyrofrequency.  But  more  important  is  the  averaging 
effect  of  the  larger  scattering  region,  which  tends  to  blur  the  0/X  resolution  in  the  mea¬ 
surements  (Barry  and  Fenwick,  1969);  since  0  ar.d  X  are  affected  onposi tely- -i f  net  equally- 
-from  the  no-field  case,  neglect  of  the  magnetic  field  (in  ray  tracing,  for  example)  offers 
a  valuable  simplification. 

3.  "Screening"  of  a  higher  part  of  the  ionosphere  by  a  lower  part  ior  by  the  horizon  itself) 
c jfi  be  troublesome  for  profile  inversion.  The  problem  is  similar  to  valley  or  sporadic  E 
olanketing  in  the  vertical-incidence  case,  but  can  be  more  prevalent  at  oblique  incidence 
because  the  layer  density  and  height  effects  are  combined  in  determining  the  screening 
height. 

1.  Horizontal  gradients  may  cause  significant  displacements  of  the  ‘reflection  points'  from 
the  path  midpoint,  expecially  for  the  longer  one-hop  paths  contemplated  here.-  It  Is  not 
known  whether  measurements  of  angle-of-arrival  will  provide  useful  additional  information 
by  which  these  gradients  can  be  estimated. 

3.5  TRNSPND 


Simplified  systems  (receive  and  digitize  only)  can  n>  located  at  distances  of  50  -  500  Km  from 
each  ionosonde  location,  on  various  azimuths--geograpf.v  nermi tting.  These  could  provide  higher 
spatial  resolution  in  certain  regions.; 


4.0  CONSIDERATIONS  AFFECTING  NETWORK  DEPLOYMENT 


4 . 1  Idealizations 

A  purely  geometric  -cptoach  to  station  deoloyment,  while  obviously  impractical  to  realize, 
provides  a  few  useful  insights.  The  ratio  of  the  ear*h's  surface  area  (radius  R)  to  that  observable 
from  a  single  site  (radius  r)  is  4  R2/rz);  if  r  is  taken  to  be  1000  Km,  16?  sites  are  required,  113 
for  r  *  1200  Km,  and  72  if  r  =  1500  Km.  On  the  other  hand,  the  Platonic  solids  provide  relation¬ 
ships  among  the  number  of  vertices,  edges  meeting  at  vertices,  etc.  The  maximum  possible  number  of 
equidistant  vertices  touchinq  the  surface  of  a  sphere  is  20  (the  dodecahedron),  but  only  three  edges 
(directions  for  bistatic  sounding)  meet  at  each  vertex  and  obviously  the  interstation  distances  are 
far  too  great  for  one-hop  propagation.  The  icosahedron  (12  vertices)  affords  six  equidistant  direc¬ 
tions,  which  seems  ideal,  but  the  distances  are  still  greater. 

A  satisfactory  plan  may  be  based  upon  the  icosahedron  by  dividing  each  edge  by  3  and  adding  one 
vertex  near  the  center  of  each  equilateral  face.  This  produces  ’'socelos  triangles  in  each  face,  as 
shown  by  the  sketch  at  lower  right  In  Figure  9.  If  the  earth  were  divided  in  this  way,  92  station 
locations  would  result,  with  three  characteristic  Interstation  distances.  2351  ,  2598,  and  2722  Km.- 
These  distances  are  all  comfortable  for  bistatic  oblique  sounding  of  the  F  region.  In  addition  to 
the  92  observation  sites  for  "vertical"  observations,  the  contiguous-pair  midpoints  provide  260 
additional  measurement  locations.  Each  of  the  12  icosahedral  vertices  “sees"  five  interpolated 
sites  at  eqMal  azimuths  of  72°,  while  each  of  the  interpolated  sites  sees  six  sites  at  60° 
azimuths.  The  locations  are  represented  in  Mercator  projection  in  the  main  part  of  Figure  9. 

It  has  appeared  to  us  less  than  obvious  that  a  global  network  of  this  size  could  conduct  sched¬ 
uled  bistatic  soundings  (is  a  minimum  cycle  of  six  azimuths  each)  between  pairs  of  stations  without 
contention  for  the  same  observing  period  in  the  cycle.  Each  sounder  must  select  the  appropriate 
transmit/receive  antenna  for  the  azimuth  of  its  neighbor,  without  being  required  to  serve  another 
azimuth  during  the  same  period.  The  small  numerals  of  Figure  9,  at  the  midpoints  of  each  station 
pair,  suggest  the  extent  to  which  this  may  be  accomplished.  Contention  appears  at  five  of  the  260 
midpoints  (wheiever  the  number  of  midpoints  in  a  closed  loop  is  old)  but  otherwise  an  efficient  and 
compatijle  schedule  for  bistatic  and  backscatter  soundings  seems  attainable. 

4.2  The  Geophysical  Requirements 

There  are  various  ways  of  weighting  the  requirements  for  an  ionospheric  monitoring  system,  not 
the  least  in.port.-nt  of  which  is  that  the  system  be  realistic.  Thus,  we  give  weight  to  global  mon¬ 
itoring  of  the  F  region  -,1th  good  fidelity,  while  acknowledging  that  an  equally  faithful  description 
of  global  sporadic  E  structures  is  probably  unrealistic.  For  these  we  must  be  satisfied  with  the 
statistical  data  from  regie  sal  sampling. 
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The  correlation  distance  for  foFi  (noontime  hou.ly  data),  for  North-Sooth  and  East  West  di-VL- 
tlons,  and  for  three  season'.,  is  sruwn  in  figure  10,  from  Rush  and  Edwards  (1976).  A  501. 

improvement  of  prediction  of  foF2  at  an  unmeasured  location,  based  upon  data  f'om  a  measured  loca¬ 
tion,  requires  a  correlation  of  0.87  between  the  two  locations  (Gautier  and  Zacharisen,  1065).  from 
Figure  10,  station  separations  should  lie  in  the  range  1000  -  2000  Km  to  achieve  this.;  An  improve¬ 
ment  of  prediction  confidence  can  be  accompli  shed  at  greater  station  separations,  however,  by 
increasing  the  correction  between  them.  We  believe  that  this  can  be  accomplished  by  estimation  of 
the  local  for?  gradient  at  each  location,  together  with  profile  estiroat.on  at  each  midpoint. 

Some  recent  results  suggest  a  more  definitive  basis  for  deciding  the  geophysical  -equi rements 
for  station  separation.  Using  Ar.nermonlc  Frequency  Analysis  (Paul,  1972),  the  temporal  variations 
(diurnal  and  seasonal)  of  fof 2  can  be  described  by  a  small  number  of  spectral  components  (Paul, 
19/8).  About  9  to  11  spectral  lines  account  for  about  SOT  of  tne  monthly  median  fofr  t'O'iation; 
they  have  a  geoo-  ,;hic  vacation  which  is  more  smooth  than  foF2  itself,  but  which  still  show  a 
strong  dependence  on  solar  activity.  Figure  11  represents  the  latitude  profile  of  the  strongest 
component  (the  constant  or  zero- frequency  average  value)  af  two  longitudes  and  two  sunspot  num¬ 
bers.-  Figures  1?  anl  13  represent  the  >econd-strongpst  component  (the  21  hour  or  diurnal  line)  at 
the  two  longitudes  respectively,  and  fo»  the  same  two  levels  ;.f  solar  activity.  Ti.e  smallest  '.pa- 
cial  scales  evident  here  are  in  the  variation  with  latitude  near  the  “equatorial  anomaly"  and  are  of 
the  order  of  10°  of  latitude  or  1100  Km.-  The«e  features  move  in  latitude,  with  sunspot  number,  a 
distance  comparable  to  their  width.- 

The  latitudinal  gradient  (dominated  by  the  constant  component.  Figure  11)  is  about  twice  as 
large  as  the  longitudinal  gradient,  which  is  dominated  by  the  diurnal  variation  (Figures  12,  13), 
but  the  equatorial  anomaly  makes  its  own  contribution  to  the  longitudinal  gradients  in  all  com¬ 
ponents  as  they  depend  upon  whether  the  magnetic  equator  is,  north  (longitude  130“)  or  south  (295°) 
of  the  geogranhic  equator. 

We  conclude  that  a  station  separation  of  About  2500  Km  in  latitude  is  adequate  for  even  the 
equatorial  anomaly,  assuming  that  bisiatic  sounding  permits  Interpolation  at  the  station  midpoints, 
and  that  a  somewhat  larger  separatioi  is  permissible  in  longitude  except  where  the  two  equators  are 
crossing  at  a  steep  angle  (e.g.  South  America). 


5.0  THE  DEPLOYMENT  Of  PRACTICAL  MODERN  NETWORK 

Figure  14  provides  a  global  view  of  an  “optimum"  network  oc  modern  ionosonde  instruments,  based 
upon  the  requirements  and  technological  opportunities  reviewed  above.  At  about  89  locations,  we 
envision  instruments  capable  of  providing  all  of  the  detailed  "vertical  incidence”  sounding  informa¬ 
tion  of  the  advanced  digital  ionosonde,  plus  additional  information  on  lateral  structure  and 
gradients  near  each  site,  plus  bistatic  soundings  between  nearby  pairs  of  sitps. 

Typical  interstation  distances  in  Figure  14  are  about  2590  Km,  althougn  many  (e.g.  Dublin- 
Praaue)  are  less  than  2000  Kn ,  and  some,  still  useable  for  oblique  soundings,  are  between  3000  and 
4000  Km.  (Seattl e-Hawaii ,  Ari cebo- Azores ) . 

In  the  deployment  of  Figure  14  about  24  loralions  are  "mandatory" ,  being  Isolated  islands  the 
absence  of  which  woula  leave  unnecessary  and  serious  gaps  in  global  coverage.  A  few  such  gaps  are 
unavoidable  anyway.;  Tab’e  1  lists  these  with  their  approximate  dimensions  (they  are  all  oceanic), 
and  lists  for  comparison  the  large  gaps  of  the  present  network  (Figure  1). 


TABLE  1 


Gaps  in  G) oba)  lonosp.ieric  Monitoring 


Present  Network  (Fig.  1) 


S.  Pacific  Ocean  (8000  x  12000  Km) 

E.  Equatorial  Pacifiv  (8000  x  luuuO) 
Indian  Ocean  (6500  x  9000) 

S.  At'antic  Ocean  (6500  x  6500) 

N.  Polar  Cap  (2000  x  6000) 

Africa  (4000  x  6000) 

S.  America  (3000  x  6000) 

China  (3500  x  4000) 

N.  America  (2000  x  4000) 


An  Optimum  Network  (Fig.  14) 


S.  Pacific  Basin  (5500  x  9000  Km) 

E.  Equatorial  Pacific  (5000  x  7000) 
S.  Australian  Basin  (4000  x  5000) 
Mid  Atlantic  Basin  (4000  x  5000) 
N.W.  Pacific  Basin  (3500  x  5000) 


A  list  of  the  station  locations  of  Figures  1  and  14  are  given  in  Table  2.  The  150  traditional 
stations,  and  89  locations  of  the  modern  plan,  have  41  places  in  common  (of  the  24  mandatory  island 
locations,  five  are  presently  instrumented) .  Eleven  more  of  the  89  were  once  occupied  oy  ionosondes 
and  have  become  inactive.  This  overlap  of  the  present  network  with  cur  plan  is  intentional. 


TABLE  2 

PRESENTLY  ACTIVE  IONOSONDE  STATIONS 
AND  A  SUGGESTED  OPTIMUM  NETWORK 


Presf't  stations 

Aberystwyth  (Wales) 
Accra  (Ghana) 


Ahmedabad  (India) 
Ak<ta  (Japan) 

Alma  Ata  ( USSR) 


Aricebo  (USA) 
Argentine  Isl. 

Ashk  ibad 

Athens 

Aucklano 

Bangkok 

Baudouin  (Ant) 
Belgra”o  (Ant) 
Beograd 

Billerica  (USA) 

Bombay 

Boulder 

Bribie  Isl. 
Brisbane 
Budapest 
Buenos  Aires 
Calcutta 
Camobell  Isl. 
Canberra 
Cape  Parry 
Cape  Schmidt 

Cape  Zevgari 


Suggested  Stations 


P.M  Adak  (USA) 

Adelaide  (Aust.) 


Alexandrovsk  fuSSR) 

Angola 
Ankara 
Aricebo 
Argentine  Isl. 
Ascension  Isl.. 
Ashkhabad 

Auckland 

Azores 

Bangkok 

Baudouin  (Ant) 


Carnarvon 

Chad 


Christchurch 

P,D 

Chokurdakh 
,M  Christmas  Is). 

Churchill 

Churchill 

College 

Cocos  Isl. 

College 

Concepcion 

Concepcion 

Dakar 

Dakar 

Delhi 

Da."  es  Sal  am 
Darwin 

Delhi 

DeBilt 

D.M 

Diego  Garcia  Isl. 

Dixon 

Djibouti 

Djibouti 

Dourbes 

Dushanbe 

D,M 

Dublin 

Easter  1st. 

P.M 

Fiji 

Forte leza 

Forteleza 

Fort  Monmouth 
Freiburq 

D.M 

Gal epagos 

G.»rchy 

Godhavn 

Goose  Bay 

Gorky 

Grahmstown 

Grata 

P.M 

Guam  Isl. 

Halley  Bgy 

Halley  Bay 

Hanover  N.H. 

Heiss  Isl. 

Hermanus 

Highgate  Springs 

Present  stations 

Hobart 
Hong  Kong 
Huancayo 
Ibadan 


Irkutsk 

Istanoul 

Jicamarca 

Johannesburg 

Jul  iusruh 

Kaliningrad 

Karaganda 

Kerguelen 

Khabarovsk 


Kiev 

Kiruna 

Kodiakanal 


Maui 

Mawson 

Mexico  Lit. 

Miedzeszy.i 
Mi  11  st<  le  Hill 
Mi  rny 
Moscow 
Mundaring 
Murmansk 

Nairobi 

Narssarssuaq 

Norfolk,  Isl. 

•lori’sk 

Novokczalinsk 

Novosibirsk 

Nurmi jarvi 

Okinawa 

Ottawa 

Oagadougou 

Patrick  AFB 

Point  Arguello 
Poi tiers 

Port  Stanley 


Prumenice 
Raratonga 
Resolute  Ba> 


Suggested  Stations 


Ibadan 

D,M  Camp  Heurtin  (lie 
Amsterdam) 

Irkutsk 

Jicamarca 


Kerguelen 

Khaybar  (Saudi 
Arabia) 


Kouru 

Bogata 

Lancaster 

P.M 

Kwajalein  Isl 

3oulder 

1  annion 

P 

Lanchow 

Bouvet  Isl. 

LaPaz,  Mex. 

Leicester 

Brisbane 

Leningrad 

BuC’ns  Ai  res 

Lindau 

Lisbon 

Lycksele 

Madras 

P.M 

Macquarie  Is’. 

Magadan 

Manil a 

Magadan 

Capetown 

■\M 

Marion  Isl. 

Marquesas  Isi 
Mato  Grosso,  Braz’l 
Maui 

Mauri tius 
Merida,  Yucatan 
Mi dway 


Mi  rny 
Moscow 


D,M  Muscat 

Narssarssuaq 

Norils1: 


Palermo,  Sicily 
P  Paramaribo 

P,D,M  Pitcairn 


Prague 
Port  Stanley 
Post  Maurice  Cartier 
(Algeri  a) 


M  Raratonga 
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A 


Present  stations 

Suggested  Stations 

£  resent  stati ons 

Suggested  Stations 

Rio  de  Janerio 

i  relew 

Rome 

13, M  Tristan  de  Cunha 

Rostov 

Trivandrtw 

Sachs  Harbor 

Tromso 

Tromso 

Salerkhard 

Tsuaeb 

Salisbury 

P  Salisbury 

Tucuman 

Sanae 

Tunguska 

0,M  San  Ambrosio  lsl . 

Uppsala 

(Chile) 

Ushaia 

San  Jose 

Vanimo 

San  Juan  (Arg.) 

Vostok 

Scott  Base 

Wakkanl 

Sondrestromfiord 

Wal lops 

Wal lops 

P  Seattle 

White  Sands 

Seoul 

Yakutsk 

Slough 

Yamagawa 

Sr-dyankyla 

Sofia 

South  Georgia 

South  Ulst 

P  South  Pole 

Stanleyville 

Sverdlovsk 

Syowa 

Syowa 

Tahiti 

Taipai 

Taipai 

T  angerang 

Tangerang 

Tashkent 

Tbilisi 

Terre  A*»'ie 

Terre  Adel ie 

Thule 

Thul  e 

Kejr:- 

Thuuba 

Hruch'-apalli 

P  Previously  Instrumented 

dixie  ( av 

Tokyo 

Tokyo. 

0  Difficult  logistically 

Tomsk 

Tortosa 

M  Manditory  location 

Tc-wnesville 

reflecting  our  presumption  tha.  an  existing  sta 

tion  has  a  motivated  acknini  strati  on  behind  1*.,  has 

experienced  personnel,  and  has  a  practical  site. 

Stations  marked  "0"  in  our  list  are  judged  "diffi- 

<u*t  logistlc.iUy , 

but  several  of  these  ie.g. 

Pitcairn  Island.  r0l-05 

Island)  have  once  hostefl  an 

ionosonde .  Ma *>y  of 

our  choices  of  location  are  quite  arbitrary--«nd 

they  are  almost  entirely  so. 

within  a  500  Km  radius  of  the  nominal  station  name,  or  *&out  the  radius  of  the  station  label  shown 

in  Figurf  14.  However,  a  significant  relocation 

of  any  one  station  In 

our  plan  must  be  accomodated 

by  smaller  relocations  of  adjacent  stations,  or 

perhaps  by  adding  or 

deleting  a  location  and  thus 

improving  nr  compromising  regional  coverage.  There*  are  numerous  locations  at  which  stations  could 
be  added  to  imprr  •  local  coverage.  Typical  additional  locations  (given  those  of  Table  ?,  Figure 
14)  might  be:  «.entral  France,  Western  Egypt,  Western  China,  Mahi  Island,  Central  Australia, 
Iceland.  W*  e  existing  long  time-series  of  observations,  ie.g.  Moscow,  Washington,  or  a  perm¬ 
anently  import-nt  geophysical  observatory  (Aricebo,  Tromso,  Jicamarca)  compel  a  choice  of  location, 
freeorm  to  select  surrounding  locations  is  further  re'tricted.  With  these  points  clear,  we  should 
not  wish  our  suggestion  of  optimum  locations  to  express  any  deeper  political  considerations,  and  we 
hope  that  it  Is  clearly  understood  that  any  rearrangement  of  locations  which  preserve  approximately 
the  suggested  station  density,  is  equally  satisfacto.y. 


u .0  CONCLUSION 

What  steps  are  needed  to  bring  about  a  plan  of  this  kind:  Setting  aside  practicalities  temp¬ 
orarily,  here  aie  so^e  significant  technical  problems  worthy  of  study,  approximately  in  order  of 
decreasing  priority: 

1.  The  local -lateral -structure  capabilities  of  the  digital  ionosonde  require  development  and 
demonstration.  The  use  of  echolocation  to  describe  tilts  (with,  or  without,  r^y-tracing 
refinements'  must  be  combined  with  existing  programs  for  deducing  the  "vertical"  structure 
(profile  inversion).  The  methods  should  be  tested  against  a  satellite  plasma  probe;  if  the 
satellite  is  within  a  few  scale  heights  of  the  (topside)  F2  peak,  the  local,  horizontal, 
log-gradient  there  should  he  equal  to  that  at  and  near  the  peak. 

2.  A-mode,  the  adaptive,  :eai-time  (N(z.t)  capability  of  the  Dynasonde  (Figure  4)  should  be 
demonstrated. 

3.  The  suitability  r.f  A-mode  sampling  frequencies  (which  will  change  ctyn&.Td ,  ally,  as  'ne  ion¬ 
osphere  Itself  changes)  for  defining  other  height  and  time-dependent  derivable,  must  be 
tested  and  demonstrated.  Such  derivables  are  tilts,  drifts,  aN/N 
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4.  A  sampling  method  for  deducing  drifts  (Paul,  unpublished)  requires  further  tests  against 
the  well- tested  "K‘nesonde"  mode,  so  that  the  lengthy  time-series  'on d  time-series  analy¬ 
sis)  of  the  latter  method  are  obviated. 

*>  With  pairs  of  digital  ionoscndes,  and  preferably  with  at  least  a  standard  (onosonde  at  the 
midpoint,  tne  oblique- incidence  (BISTAT,  BAkSCTR)  modes  of  mease rement,  and  data  reduction, 
need  development  and  demons trat ion.-.  This  is  a  la-ge  subject,  but  fortunate’y  there  have 
been  a  number  of  vigorous  efforts  to  develop  the  nectssary  data  inversion  .-"tnods-  (Croft, 
1972:  .'uBroff,  et.  al . ,  197B;  Nielson  and  Watt,  Id??.  Rac,  tc.  al . ,  197b;'  Rao  and  Hoovei , 
1975,  Smith,  1970;  Tanaka.  1979.) 

some  of  these  studies  (1,.  2,  J,  4)  are  essential  to  the  -esearch  application  of  the  new  digital 
ionosor.oes  individually,  and  will  be  pursued  at  NOAA  and  elsewhere  In  the  natural  course  of  develop¬ 
ment  of  Cynasonde  software.  The  oblique  incidence  capabilities  of  item  5  (and  other  item?  of  lower 
priority  such  as  OPRKiNE)  present  less  scientific  than  technical  interest  and  may  require  specific 
acini n'straHve  encouragement  as  oart  of  a  determined  irtent  to  modernize  an  administration's  ionos¬ 
pheric  monitoring  program. 

Turning  to  practical ities,  the  main  questions  are  costs  for  hardware,  installation  and  opera¬ 
tions.-  The  NuAA  instrument  (figure  2)  represents  a  hardware  investment  of  about  $120,000.  4  com¬ 

mercial  equivalent  might  cost  twice  that,  but  the  system  c-sign  and  its  capability  are  probably 
somewhat  overelaborate,  at  lea-.t  for  (sav)  naif  the  stations  of  our  plan.-  That  design  was  intended 
from  the  beginning  to  provide  a  test-hed  for  refinement  of  lonosonde  methods.  We  heneve  that  as 
microprocessors  continue  to  decrease  in  cost,  while  approaching  the  larger  minicomputers  in  s,  oed, 
memory  size,  and  processing  capability,  the  cost  for  the  basic'  "vertical”  incidence  instrument 
Should  be  kept  below  $120,000  in  commercial  or  large-scalt  production. 

We  must  emphasize  that  there  is  no  n.cd  for  obsolete  uniformity  amoni,  the  oigita'  lOi.osonde 
instruments  comprising  our  proposed  network.  Stations  offering  occasional  or  frequent  research 
facilities  lor  an  ‘onosonde  research  eeiter,  in  the  manner  of  incoherent  scatter  centers  such  as 
Aricebo)  will  of  course  need  relatively  elaborate  systems.  Very  isolated  stations  (gap-fi 1 lers) 
will  need  only  a  minimal  <Aste<i!.  to  which  additional  hardware  could  easily  be  interfaced  temporarily 
if  the  station  becomes  centra  to  a  geopnysica'  campaign.  The  minimal  requirements  for  any  station 
are  easily  stated: 

al  P’-ograi.mabi  1  i ty .  since  we  must  assune,  especially  for  roderi  instruments  entering  the  net¬ 
work  soon,  that  we  redly  do  not  yet  know  the  “best  w<\v"  -o  make  a  given  measurement,  or 
compute  a  wanted  parameter;  software  programmabi  1 1 tv  is  ou”  best  insurance  pc-lic.-.. 

b)  Synthesized,  and  stable,  radio  frequencies. 

c)  Digitization  of  11  echo  parameters,  of  course,  and  with  adequate  resolution. 

d)  Modularity,  affording  easy  maintenance,  long  MTttr  and  low  cost.. 

Some  particular  comments  ire  applicable  to  educational  and  government  admi n« strations  which 
have  become  accustomed  to  the  operation  of  t.ieir  "own"  lonesonde,  and  who  would  find  it  not  needed 
in  our  plan. 

a)  Clearly  an  economy  of  radio  sounding  activity  is  desirable  on  grounds  of  efficient  use  of 
the  radio  spectrum  and  minimizing  r,..iio  interference;  These  considerations  alone  myy 
eventually  make  our  network  suggestions  imperative. 

b)  National  administrations  in  Europe  realized  al  too  beginning  of  large-scale  space  research, 
that  a  proliferation  of  individual  national  centers  could  ,!-e  a  weakening  policy,  as  com¬ 
pared  with  the  cooperative  establ  1  shment  of  ESRO.-  A  similar  approach  is  *s:.-th  considera¬ 
tion  for  ionospheric  sounding  centers. 

c'  Modern  communications  permit  large  numbers  of  widely  separated  users  to  enjoy  the  use  of 
one,  central,  large,  computing  facility,  almost  as  if  it  were  their's  alone.  This  ran 
app  y  as  well  in  multiple  access  to  in  ionospheric  sounding  facility,  to  obtain  the  ...test 
dv.a,  cr  a  summary,  or  to  take  active  control  of  a  share  of  the  i-mosonde' s  measurement 
pctentiil.  Surely,  these  possibilities,  incorporating  the  advanced  measurement  ability  of 
tie  cerr; c  itself,  must  outweigh  present  advantages  of  ope-ating  one's  own  analog  iono- 
tonde. 

di  At  an  intermediate  level  we  consider  the  educational  institution  whicn  can  “fill  a  gan"  and 
CVi  identify  ionospheric  research  as  an  important  specialization.  To  such  institutions  the 
mole'n  ionosonde  is  a  small  but  complete  data  processing  cente*-,  ir,  addition  to  its  primary 
soundi'g  functions. 

The  most  essential  ingredient  of  our  plan  is  agaii.  acknini strati ve,  ar.,1  as  geophysicists  rather 
than  administrators  wt  are  unable  to  provide  it.  We  refer  to  the  plannir..,,  funding,  and  coordina 
tiO'’  required  to  bring  about  a  retwork  of  the  kind  aid  capability  descr-bed  in  this  paper,  on  a 
global  or  regional  scale  in  a  reasonable  time.  Such  a  network  is  vi-tually  certain  to  evolve 
eventually  anyway,  say  within  the  next  ’0  years,  because  of  the  progressive  obsolescence  of  present 
ionosondes  and  tie  continuing  need  for  monitoring  ionospheric  “weather".-  But  we  suggest  that  if  a 
few  national  or  mul tinational  efforts  (e.g.  by  NATO)  wore  coordinated  international ly  by  UR51,  a 
regional  demonstration  network  could  be  realized  within  five  vea^s.  The  merits  of  expanding  or 
duplicating  the  demonstration  network  could  then  be  readily  assessed. 
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antenna  systems  and  instrument  sensitivity,,  however,  most  conventional  lonosondes 
:holocation  and  thus  confuse  horizontal  and  vertical  structure. 
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Figure  i  Functional  and  hardware  layout  of  the  digital  lonosonde  currently  assembled  at  NOAA,  Space 
Environment  Laboratory.  Note  the  microprocessors  dedicated  to  real-time  digital  signal  processing 
from  two  pjrallel  quadrature  receivers,  and  to  system  timing.  Full  system  control  for  data  acquisi¬ 
tion,  daca  processing,  and  user  Interaction  Is  achieved  through  software  In  the  general-purpose 
minicomputer. 


GEOPHYSICAL  FUNCTIONS  OF  A  DIGITAL  IONOSONDE 


Figure  3  Relationships  among  the  measureable  quantities  f observables)  In  ionospheric  total-reflec¬ 
tion  radio  sounding,  and  the  geophysical  properties  of  the  lonospher  and  atmosphere.  Note  the 
Interdependence  of  the  derivable  and  deduclble  properties  on  all  of  the  observables. 
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Automatic  Adaptive  N  (h,t) 


Figure  4  Automatic,  adaptive  N(z.t)  Inversion.  A  profile  estimate  M(z)  Is  used  by  6ETF  to  decide 
the  optlmuj  sounding  frequencies;  VFROH*'  predicts  the  expected  group  heights.  DATACQ  programs  the 
Dynasonde  to  observe  updated  R'(f).  from  which  the  next  profile  N(J  is  computed.  Meanwhile, 
TCHAN5F  monitors  the  time  rate  of  change  of  profile  parameters,  to  Influence  the  sounding  schedule. 
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Figure  F  From  a  small  sample  of  060-6  satellite  passes  over  ionosonde  stations,  measurements  of 
temperature  at  s«tell1ce  altitude  (0-5  scale  heights  above  h  max  F2,  as  sh>'  tie  Zp  irs*-,  ;?  .r. 
compared  here  with  the  curvature  (expressed  as  a  scale  height;  at  the  F?  1  -  •  frv  <  '■ « 

N(Z)  profiles.  Right  and  left  panels  show  the  effects  of  unequal  T  T1  •*-.  ,  r-.-  . jht 

gradient. 
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Figure  7  Relative  Seasonal  Variations  of  0  Density  from  Ionograms  ''.t-.hDe)  and  from  060-6 
(Hedlh) .  Of  Oj  Density  from  lonograms  (Stubbe)  and  from  6300A  Alrglcw  (Noxon  and  Joh#n>on). 
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Coordinated  Vertical  und  Oblique  Measurements 


Figure  3  Relationships  among  the  principal  data  acquisition  modes  of  the  Oynasonde,  and  the  data 
processing  methods  needed  to  support  and  Interrelate  them. 
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Figure  9  An  Idealized  station  deployment,  based  upon  the  twelve  vertices  of  an  icosahedron  !o), 
each  of  the  20  faces  of  which  are  further  divided  !•)  Into  nine  nearly  equal  Isoceles  triangles. 
Smell  numbers  between  sites  suggest  a  possible  schedule  of  bistatic  soundings  among  adjacent  station 
pairs  In  a  cycle  of  si*. 
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Figure  13  Variation  with  latitude  of  the  diurnal  component  of  foF2  from  AFA  at  two  levels  of  solar 
activity,  along  the  295*  meridian. 
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Figure  14  Suggested  deployment  of  an  optimum  network,  of  about  90  modern  digital  ionosondes,  also 
listed  In  table  2.  Each  station  would  maintain  an  accurate  three  dimer.siona1  local  model, 
applicable  to  a  vertical  cone  of  about  the  label  radius  <  500  km)  at  the  F2  peak.  Backscatter, 
bistatic  oblique  sounding  and  other  methods  would  maintain  observations  at  about  250  intermediate 
loc-jt.ions.. 
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HYBRID  RAY-MODE  F OR M  U 1  ■  A  T ION  OF 
TROPOSPHERIC  PROPAGATION 

S.  H.  Cho,  C.G.  Migliora  and  L.  3.  Felsen 
Department  ol  Electrical  Engineering 
Polytechnic  Institute  of  New  York 
Fanningdale,  New  York  11735 

SUMMARY 

Hi  -  h  freouency  propagation  in  an  e'evated  tropospheric  duct  is  analyzed  here  by  a  new  method  involvirg 
an  appropriate  mixture  of  ray-optical  fields  and  whispering  gallery  mode  fields  guided  along  the  concave 
side  of  the  duct  boundary..  In  this  formulation,  ray  fields  may  be  regarded  as  expressing  the  remainder 
field  when  a  guided  mode  series  is  truncated  or,  alternatively,  a  certain  number  of  guided  modes  ac¬ 
counts  for  omitted  higher  order  reflected  rays..  To  explore  the  theory  on  a  simple  example,  the  duct  is 
modeled  by  a  single  circular  boundary  separating  an  interior  higher  refractive  index  region  from  an 
exterior  region  with  lower  index.  Source  and  observation  points  are  assumed  to  be  widely  separated, 
and  both  are  located  on  the  duct  boundary.  The  electric  line  source  Green's  function  is  first  derived  in 
terms  of  eigenmodes  involving  whispering  gallery  plus  continuous  spectrum  contributions,  and  is  then 
converted  to  the  hybrid  ray-mode  alternative  form.-  It  is  shown  that  the  number  of  modes  and  rays 
required  m  the  hybrid  formulation  is  far  less  than  when  the  field  is  expres  -ed  solely  either  in  terms  of 
modes  or  in  terms  of  rays.  A  numerical  example  for  typical  tropospheric  conditions  indicates  that  a 
few  of  the  lowest-loss  modes  are  adequate  to  describe  the  field  when  source  and  observation  points  are 
on  the  boundary,  rendering  the  ray  contribution  negligible.  However,  ray  fields  are  expected  to  assume 
greater  importance  when  the  observation  point,  so’  rce  point,  or  both,  are  located  inside  the  duct. 

1,  INTRODUCTION  AND  CONCLUSIONS 

In  an  elevated  tropospheric  duct,  high  frequency  signals  are  guided  with  little  attenuation  by  the  outer 
boundary  separating  the  duct  (higher  refractive  index)  medium  from  the  exterior..  The  wave  types 
responsible  for  this  lov. -loss  propagation  mechanism  are  the  whispering  gallery  (W.G.  )  modes,  which 
have  appreciable  field  strengths  only  in  thin  layers  adjacent  to  the  boundary..  For  an  elevated  source 
inside  the  duct,  the  field  observed  at  long  range  n.ay  comprise  many  W.G.  modes  whose  propagation 
and  attenuation  coefficients  must  be  calculated  very  accurately  fo>-  reliable  prediction  of  the  observed 
phase  and  amplitude  of  the  transmitted  signal.  Because  of  interference  between  oscillatory  modal  fields, 
the  total  field  is  very  sensitive  to  the  contribution;  irom  the  various  relevant  modal  constituents. 

An  alternative  procedure  for  calculating  high-frequency  fields  is  !n  terms  of  geometric-optical  rays. 

Here,  the  presence  of  the  concave  bound  try  between  the  duct  and  exterior  regions  implies  the  existence 
of  ray  contributions  undergoing  many  reflections  before  reaching  a  distant  observation  point  inside  the 
duct,  end  especially  near  the  boundary.  These  multiply  reflected  ray  fields  of  high  order  are  not  only 
tedious  numerically  but  the  notion  of  a  ray-optical  field  becomes  invalid  when  the  ray  travels  too  close 
to  the  boundary;  ,n  that  event,  one  can  no  longer  identify  a  local  plane  wave  field  the  boundary  disturbs 
the  phase  front)  which  forms  the  foundation  for  a  ray  description. 

fhe  above  observations  suggest  that  a  high.lv  efficient  and  physically  appealing  method  for  analyzing  high 
frequency  tropospheric  propagation  would  :r.voi«e  a  mixture  of  rays  and  modes  such  that  the  fields 
extending  relatively  far  from  the  duct  boundary  would  be  expressed  in  terms  of  rays  vhile  the  fields 
clinging  close  to  the  boundary  would  be  expressed  in  terms  of  W.G.  modes.  We  have  shown  that  such 
a  i.ybrid  rorrnulation  can  indeed  be  achuved  when  the  boundary  is  perfectly  conducting  (ishihara,  I. 
anc.  L.  i3.  Felsen,  1978)  or  characterized  by  a  surface  impedance  (Ishihara,  T  and  L.  B.  Felsen,  i°79). 

The  present  paper  extends  this  analysis  to  the  tropospheric  case  where  the  boundary  separates  two 
media  with  different  refractive  indeces  descriptive  of  tropospheric  conditions.-  To  establish  the  theory 
on  the  simplest  model,  the  duct  and  exterior  media  are  taken  to  De  homogeneous,  the  duct  boundary 
circulat,  and  the  nropug’tion  pioblem  two-dimensional..  Generalization  to  radial  inhomogeneitie.- 
and  spherical  geometry  snould  pose  no  difficulties  after  the  two  dimensional  model  has  been  solved. 

The  analysis  begins  with  the  formulation  of  the  exact  ele-tric  line  source  Green's  function  m  the  two- 
m  id-.um  cylindrical  geometry.  To  include  only  the  guiding  effects  of  the  interface  between  the  source 
point  Q  and  observation  point  P  ,  without  azimuthal  periodicity  of  the  fieid,  the  problem  ;s  posed  in  an 
infinitely  exterdel  angular  space,  equivalent  to  placing  a  "perfect  absorber"  a  two  rad. el  planes., 

Such  an  absorber  introduces  spurious  scattering  effects  from  the  radial  coord'n~te  origin,  which  are 
subsequently  subtracted  during  the  asymptotic  (high-frequency)  calculation  of  the  field  (Felser,  L.  B. 
and  N.  Marcuvitz,  1973).  The  asymptotic  Green's  function  is  expressed  in  alternative  forms  comprising 
a)  a  discrete  spectrum  of  proper  eigenmodes  plus  a  proper  continuous  spectrum,  „nd  b)  a  mixtu-e 
of  geometric  optical  fields,  modal  fields  and  a  remainder  integral,  the  contribution  from  the  latter 
being  negligible  under  suitable  cunditons..  The  detailed  analysis,  and  corresponding  numerical  calculations 
for  a  model  troposphere,  have  been  performed  for  the  special  case  when  P  and  Q  are  widely  separate< 
and  both  are  located  on  the  interface.  The  mode-plus-continuous-spectrum  repre  entatior  has  been 
used  as  a  reference  solution, with  which  the  hybrid  ray-mode  tormulation  is  compared.  It  is  found  that 
relatively  few  of  the  most  tightly  bound  whispering  gallery  modes  fully  describe  the  field,  rendering  the 
ray  contribution  negligible.  Therefore,  this  case  is  not  best  suited  to  demonstrating  the  utility  of  a 
ray-mode  mixture.  It  is  anticipated  that  this  situation  will  change  when  the  source  point,  the  observa¬ 
tion  point,  or  both,  arc  removed  from  the  intei  face  since  the  most  tightly  bound  modal  fields  then 
have  exponentially  small  amplitudes  (Pappert,  R.A.  and  C.  L.  Goodhart,  1977).  Nevertheless,  we 
have  truncated  the  mode  series  by  omitting  some  of  the  most  tightly  bound  W.G.  modes  in  order  to 
force  the  ray  contribution  *o  be  non-trivial.  Under  these  circumstances,  however,  the  validity  of 
ordinary  rav  optics  is  being  strained.  The  results  show  qualitative  agreement  that  improves  as  the 
number  of  modes  is  increased  and  the  number  of  rays  reduced. 
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In  summary,  although  tha  ray-optical  (laid  la  unimportant  for  tha  praaant  apaclal  example  whan  all 
of  tha  lowest-loas  (moat  tightly  bound)  W.  G.  modaa  ara  Includad,  tha  hybrid  ray-mode  formulation 
doaa  demonstrate  a  ayatamatlc  maana  for  calculating  tha  ductad  fields  In  tha  moat  efficient 
numerical,  and  In  a  physically  algnlflcant,  manner.  Tha  number  of  raya  and  modaa  Included  In  tha 
representation  la  determined  from  well-defined  criteria.  Thus,  the  representation  can  be  regarded  aa 
using  raya  to  account  quantitatively  for  the  remainder  field  In  a  truncated  mode  series,  or  as  using 
modes  to  account  quantitatively  (or  the  remainder  field  In  a  truncated  ray  aeries,  with  the  number  of 
either  being  far  less  than  whan  only  one  or  the  other  la  used  exclusively.  The  method  should  have 
strong  potential  for  dealing  with  lateral  and  longitudinal  duct  Inhomogeneltles,  and  with  scattering  by 
obstacles  or  localised  scattering  esntera  within  the  duct.  These  aspects  are  presently  under  study. 

2.  ALTERNATIVE  FIELD  REPRESENTATION 

A.  Oreen's  function  formulation 

The  physical  model  consists  of  two  dielectric  media  separated  by  a'cyllndrlcal  Interface  with  radius  r  **. 
The  refractive  Indeces  In  medium  l(p<a)  and  In  medium  2(p>a)  are  n.  and  :  ,,  respectively,  with 
Oj  >n^  hut  ttj  ~  Bj.  An  electric  line  source  Is  placed  on  the  Interface  it  an  :  3gular  position  t  ■  ♦  '. 

Since  we  are  Interested  only  In  the  guiding  effects  of  the  Interface  from  the  i  ource  point  Q  to  an  obs  rva- 
tlon  point  P,  It  la  neceasary  to  remove  the  angular  (2  w)  periodicity  of  the  fit  Id  In  the  cylindrical 
geometry.  To  this  end,  we  place  along  two  radial  planes  'which  may  be  alor.g  a  etngle  diameter  as  In 
Fig.  1)  a  "perfect  absorber  for  angularly  propagating  waves"  which  has  the  r  feet  of  extending  the  <•> domain 
from  Its  original  0£+ <  2  *  to  •«<  a  <  <*  ,  (Faison,  L.  B.  and  N.  Marcuvlt  • ,  1973).  Thus,  waves  orig¬ 
inating  at  the  source  travel  toward  ]+  |  —  «o  without  reflections,  and  the  4 -dependence  of  tho  fields  Is  not 
restrained  to  be  periodic.  The  ficticious  "perfset  absorber"  Is,  however,  known  to  have  the  property  of 
Introducing  a  scattering  center  at  the  origin  paO,  which  gives  rise  to  spurious  diffraction  effects  (Kslaen, 
L.  B.  and  N.  Marcuvits,  1973).  These  spurious  contributions  must  be  removed  from  the  desired  field 
representation.  Since  we  are  Interested  only  In  the  lowest  order  asymptotic  solution  with  respect  to  the 
large  parameter  k.a.  where  k,le  the  wavenumber  In  medium  l,  this  deletion  can  be  accomplished  when 
performing  the  asymptotic  field  calculation. 

In  tho  configuration  of  Fig.  1,  the  line- source-excited  field  (Green's  function)  G(p,  4  ;a,d')  can  con¬ 
structed  In  the  following  Integral  form  (Felsen,  L,  B.  and  N.  Marcuvits,  I973)» 


G  (p.*;a,*')  e  /  i  (p.a;  v)  exp  (lv  U -+ '  |  )  dv  (l) 

« 

where 

(  g(p,a;  v  )  for  Re(v)  >0 

g  (p  .a;  V  )  e  J  (2) 

|^*(P.»:-v)  for  Re(v  )  <  3 

and  C  Is  the  Integration  path  shewn  In  Fig.  2.  T'»e  radial  (  ireen's  function  g(p.a;  ->)  Is  obtalnrd  by 
Imposing  continuity  on  the  tangential  electric  and  magnetic  fields  at  pea.  with  the  source  placed  at 
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and  the  wave  numbers  for  the  media  on  the  concave  an<  convex  sides  of  the  ln*-rfece,  rosy  lively,  an 
k  at  n,  (1  el,  2),  with  k  representing  the  wave  numbsr  In  free  space,  and  represen  g  the  refractive 
Wdex.°  1  0 

From  (3),  the  resonance  equation  for  angularly  propagating  modes  Is 
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The  resonance  equation  in  ('*1  ha*  two  set*  of  root*,  one  set  near  ..I'ik,*)  *  0  or  J 
ill’  m  V  1  V 

other  set  near  llj  (k,al  *  0  or  H(  (k,a)  a  0  a*  shown  in  Fig.  2.  The  fir  at  aet  of  root*  represent* 

whispering  gallery  mode*  trapped  on  the  concave  side  of  the  boundary,  while  the  second  set  d«  scribe* 
field*  similar  to  the  creeping  waves  on  a  perfectly  conducting  convex  surface.  Since  k  a  l*  much  larger 
than  unity  and  k  ,  t*  very  close  to  kj,  (**)  can  be  approximated  near  v  *  kj»  in  terms  of  Airy  functions 
(Abratuc-w  it*  amfstegun,  i'*b4): 
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When  v  is  not  near  kj*,  one  may  -mploy  the  Debye  approximation*  (see  A(4)  in  Appendix  1)  in  (0) 
to  obtain: 
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Equation  (141  is  valid  for  those  whispering  gallery  mode*  where  the  Drbye  approximation  may  be  applied 
(see  (A  14)  appendix  ()••  A  similar  equation  can  be  obtained  for  the  creeping  wave*,  but  the  contributions 
trom  tnc  modes  with  y,  far  from  k  ,a  are  negligible.  Thu*  one  may  use  (10)  for  all  relevant  v  in  the 
creeping  wave  contribution .  “  ** 

For  the  special  case  when  the  observation  point  ai*o  lie*  on  the  interface  (i,  e.  ,  p  r  a)  ,  (.*)  reduces  on 
use  of  the  V  ronskiar.  relation  for  the  cylindrical  functions  to 
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This  caae  shall  be  considered  first. 

B.  Guided  mode  and  continuous  spectrum  representation 

The  integration  contour  in  (i)  can  be  delonr-d  around  the  singularities  of  the  integrand  in  the  uppci  half 
of  the  v  *  plane  since  the  int  ’grand  decays  at  infinity  there.- Applying  Cauchy's  theorem,  one  may  writ*  the 
Green's  function  in  (l)  as  (Fig.  2): 
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With  q  r  m  or  f  in  (I8>,  (y,,  and  G>  represent  the  whispering  gallery  mode*  and  creeping  wave*, 
respectively.  When  w*  employ  the  Airy  function  approximation  near  v  -  kj  a  ,  then 
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The  branch  cut  integral  in  (17)  can  be  wrttten  as 
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and  the  integration  pstn  CQ  lies  along  the  imaginary  a  .is  in  tit'  e-plane  (Fig.  3).  tt  can  be  shown  (Appendix  1) 

that  1  and  1^  are  O  (~j)  and  represent  spurios  a  diffraction  effects  associated  with  the  origin  jp  *9>.. 

Their  'integrals  may  therefore  be  negiectc  i.  Thus,  the  continuous  spectrum  is  expressed  is  1«  1  in 
(20|  .md  I,  can  bo  simplified  as  follows  (see  Appendix  Ms  v 

'  o 

*  e-p  (  -k,a  I  d>  -<h  *  J  sinh  ]  d” 

»c  -  4  /  - - - j - - - - -  12b) 

o  o  2An/cosh  v  -  i  4exp  [ -2  l  k  ^(coshv-v  s>n‘,t  .•  |  exp  (  -  irk  ji»  sinh  v  | 

This  integral  is  in  a  convenient  form  for  numerical  calculation.  Thus,  the  Green's  function  in  (171 
become* 


M  _  * 

G(». 4>  ;a.  «  l  Gm  +  2,  Sf  +  tc 


m*l  f  =  s  *  o 

with  G  or  G,  given  in  (18)  and  I  given  in  (2b).  For  G ,  ,  and  for  G  with  v  k,  a  or  k,  a,  one 
ml  c  B  *  m  m  —  1  2 

may  employ  the  simplified  expression  in  (I'M. 

C.  Hybrid  ray-mooe  representation 

To  obtain  a  Hybrid  representation  containing  a  mixture  of  ray  and  whispering  gallery  mode  fields,  wo 
return  to  ^in  (21),  deform  the  Integration  contour  to  the  right  across  some  of  the  whispering  gallery 
poles,  perform  a  partial  ray  expansion  of  the  integrand  over  the  de_fc  rmed  path,  and  then  provide  an 
estimate  for  the  remainder  integral.  A  typical  deformed  contour  C  is  shown  in  Fig.  3.  It  can  be  shown 
that  the  integrand  of  behaves  properly  as  |v  |  —  *>  to  legitimise  the  deformation.  We  now  express 
gj(a,ajvt  in  the  integrfind  in  (21)  as 

'J'Sik.a)  ,  f  „ 

St (a,  a;  v  )  a  (kja)  U  +  R  (v  )+,.  .+  K>  )♦  7Tr<7)  ,28) 

where  ^*2^  1*^  *1><'  R(v)  *ro  given  In  (S)  and  (6),  respectively.  Employing  Debye  approximations  and 
choosing  <5  *  as  defined  below,  the  integral  becomes  (see  Fig.  4) 

T  ‘  T?  f  X-  l  1+  R(w|]2  Rn(w)  expfip  (w)l  (-i)ncw  +KNia  i?4) 

n=0  Cm 


where 


HRI*I  *  kja  {  |*  -<t>  1 1  i,!nw  +  ?(n+l)  [  cosw  -  (  -w)  sinw]  } 


1 1-5 


RNM 


4tr 


—  2—^*^  ,  N+l 

[  1+  R(w)  j  R  vwi  exp  [  »qN(w)  ]exp  [  12  (  (w)](-  i) 

f  —  —  —  ■  - <)w 

CN  1  -  K(w)  exp[t2t(w,|  <-i) 


(3U> 


t  (w)  =  kj»  {ccsw  -  (ir/2-w)  slnw  ] 


and 


v  a  kj*  ainw 


(31b) 


(31c) 


Tha  Integral  In  (29)  can  be  evaluated  by  the  saddle  pclnt  method  (see  Fig.  4).  The  saddle  points  w  are 
I  —  __  n 

determined  by  dq  (w)/»0  ,  and  the  integration  path  CN  is  deformed  into  C  (local  steepest  descent  path). 

It  may  be  shown  nthat  this  deformation  Is  possible,  and  the  saddle  point  Evaluation  then  yields: 

1  -InGn  +  RNM  ‘J2»> 

n  =  0 


where 


ls/4 


G  * 
n 


\l  5TT75-  I+  R  (%»]2  Rn(wn)  exp  (i  k,DI 


with 


R  (w)  = 


v  -J  cos2w  - 
n  ™  _ n 


2  \n 


co«  wn+\^co*‘-w_-2An 


(32b) 


(33a) 


and 


w  =  x/ 2  -  |  ♦  -e  *  |/2  (n+ 1 ) 


Dn  =  2(n+ 1)  a  .In  {  j  +  -  $  ’|  /  2(n+l)] 


(33b) 

(33c) 


The  expression  far  G  In  (32)  represents  a  geometric -optical  ray  field  reflected  n  timer  from  the 
concave  side  o»  the  b&indary  on  Its  travel  from  the  source  point  to  the  observation  point  .see  Fig.  5).  At 
each  reflection,  the  field  amplitude  changes  by  the  reflection_coefflclcnt  R  (w  ).  The  remainder  integral 
RNM  in  ^0)  is  taken  over  the  local  rteepesl  descent  path  corresponding  to  the  laxt  rav  (n  =  N  ) 

included  in  the  expansion.  The  subscript  NM  signifies  that  M  whispering  gallery  modes  lie  to  the 
right  of  wN  .  The  residues  of  those  modes  with  0  <  Re  wm  <  Re  must  be  extracted  from  the  si.m 

in  (27)  sin~e  they  were  eliminated  by  deformation  of  C.^  into  Cjg  .  Thus, 


G<.,*;.,*«)=V  G  +  L  G  ♦  L  G|  9  R 

nsO  m  =  l  1=1 


NM 


t34) 


The  upper  limit  of  Lj^  instead  of  infinity  on  the  creeping  wave  sum  indicates  that  the  path  C.^  may 
intercept  the  pole  sequence  as  shown  in  Fig.  4.  Actually,  this  is  of  little  practical  consequence  since 
the  contributions  from  the  higher  order  creeping  waves  are  very  small.  It  is  shown  in  Appendix  2  that 


^NM 


-  iR<yi  c 
»  +  I  K(  wN>i  N 


provided  that  the  saddle  point  w  ^  does  not  lie  near  poles 


w  with  m  =  M  or  M+  *  . 
m 


(35) 


3.  NUMERICAL  RESULTS 

Numerical  calculations  were  performed  for  a  model  troposphere  with  the  following  parameters-  f  =  <>00  MHt 
a  ■>  6369  km.  An  =  30  units,  for  variable  range  d  3  a  |$  '  |  .  The  guided-mode-plus-continuouj- 

spectrum  representation  in  (27)  was  used  as  a  reference  solution.  It  was  found  that  30  whispering 
gallery  modes  (1.  e. ,  M  =  30)  it  adequate  to  yield  accurate  field  values  when  the  earth's  boundary  is 
assumed  to  lie  at  p  *  6363  km.  In  fact,  the  maximum  number  of  whispern-g  gallery  modes  without  the 
earth's  surface  ia  about  k.a/x  (^  3xi0^),  and  the  decay  factor  does  not  increase  very  much  as  the 
number  of  modes  increases.  With  the  presence  of  the  earth's  surface,  it  is  found  that  the  decay  factor 
becomes  large  for  the  hlgherorder  modes  lying  beyond  the  40th mode  (Cho,S.  H.  and  J.  R.  Walt,  1978). 
Therefore,  the  number  of  modes  providing  the  major  contrleutlon  to  the  total  field  ranges  from  30  to  40. 

For  large  dis  ances  d,  as  considered  here,  the  contributions  from  che  creeping  waves  and  the  ctwlnuous 
snectrum  are  negligible. 

The  hybrid  ray-mode  calculation  from  (34£  was  performed  for  various  combinations  of  rays  and  whispering 
gallery  modes,  but  the  number  of  modes  M  always  included  all  of  the  modes  waving  very  small  decay 
Factors  (these  '-i-ve  poles  lying  between  v/2-j2An  and  ir/Z).  With  the  physical  Parameters  chosen  above, 
the  number  of  theae  modes  *s  six.  The  nun.bor  of  rays  N  was  chosen  such  trat  w-  <  e/2  -  J~Z An  .  The 
physlca>  interpretation  of  this  condition  is  similar  to  that  .or  the  perlectly  conducting  boundary,  and  is 
schematised  in  Fig,  6.  Also,  the  creeping  waves  are  eglectea  in  the  hybrid  repr.  se.itatlon,  and  the  rays 
blocked  by  the  earth's  surface  aie  eliminated  in  vhe  calculation  of  the  total  field  in  order  to  compare  the 
reault  with  the  field  based  on  the  whispering  gallery  modes  only,  in  the,  presence  of  the  earth.  The  rays 


F- 


!U 


eliminated  (i.  e.,  blocked  by  the  earth's  surface)  are  indicated  in  Fig.  6(bt.  In  Fig.  7(a),  the  '.mplitude 
of  the  total  field  is  normalised  to  the  field  in  the  free  space,  with  the  distance  between  source  and 
observation  points  measured  along  the  interface. 

The  numerical  results  show  that  the  modes  having  very  small  decay  factors  account  completely  f o'-  the 
total  field,  thereby  rendering  the  ray-optical  contribution  and  the  remainder  negligible.  hus, 

the  hybric  ray-optical  field  formulation  does  not  really  show  up  to  its  bent  advantage  for  the  pre«ent 
example  where  the  source  and  observation  points  are  Loth  on  the  interface  since  a  few  tightly  bound  low- 
loss  modes  account  efficiently  for  the  observed  field  \t  long  ranges.  Nevertheless,  tile  validity  of  the 
method  is  confirmed  because  tho  mode  sum  may  legitimately  be  terminated  aftar  inclusion  of  only  the 
lowest-loss  modes,  w-t-h  the  truncation  error  quantified  by  the  (negligible)  ray-optica)  field. 

To  force  a  situation  where  the  geometric -optical  field  is  not  negligible,  it  is  necessary  to  choose  M  so 
that  not  all  low- loss  modes  are  included.  Accordingly,  we  have  calculated  the  field  also  for  M  *  3.  4. 
The  results  are  shown  in  Fig.  7(b).  The  agreement  with  the  reference  solution  is  now  poorer  than 
before  but  the  correct  general  trend  is  preserved.  Since  now  w  >  ir/2  -  4  2  An  ,  the  ray  reflection 
coefficient  can  lot  br  approximated  by  Debye  formulas  but  requires  use  of  the  Airy  function; 

WJ(t»  W  j(t  +  xD) 

wTltT  ’  wV'e  +  Xn) 

R(t)  ?  — - - -  (36) 

-W^(t)  W’(t  +  xD) 

wTTtT  +  \%(t  +  xD) 

with 

t=  (k  ja/2)^^w^  ,w=ir/2-w  (36a 

It  should  be  emphasized  that  the  validity  of  the  ray-optical  formulation  is  strained  in  this  parameter 
range  since  the  rays  strike  the  interface  almost  at  grazing  incidence. 

When  the  source  and  (or)  observation  points  are  moved  from  the  interface  into  the  region  p  <  a  ,  the 
influence  of  the  tightly  bound  whispering  gallery  modes  with  it/2  -  4  2An  <  w  <  z</2  is  de-emphs  sized 
since  their  field  decays  rapidly  away  from  the  boundary  (Pappert,  R.A.  and  mC.L.  Goodhart,  1977)., 

It  is  then  expected  thet  modes  with  w  <  »/ 2  -  y'2  An  become  important,  thereby  providing  a  better 
framework  for  the  hybrid  representation.  This  aspect  is  now  being  studied. 

APPENDIX  1  -  Approximation  of  continuous  spectrum  integral. 

Frcm  (3)  and  the  relation  for  the  Hankel  functions, 

<’->  (1) 

H(_^  (kja)  =  exp  (+iv  n)  H*2>  (kja)  (Al; 

one  obtains 


g(a.a,  -  •*  ) 


H.  fexp(i2v  H^ty)  tH^Ny)]*^*) 

v  1  _ ,,  V..  „in  . 


1  -  exp  (12v  ir)R(v  ) 


Substituting  (A2)  into  (22)  , 


_i  fi«>  exp(i2v  tr)  ’  (y)[l+R(v)] 

■8“  l 


1  -  exp(i2v  tr) 


H'*'(k,a)  _ 


expfiv  j  ■  j  )  dv 


*C'<y> 

^ l/3 

One  may  emoloy  Debye  approximations  for  j  v  -  kja|>(  —  )  ' 


(k?)  ~. 


rka  ccaw 


exp  [  +  i  l  (w)  +  i  ir/aj 


H<2>(ka, 


2  COT  w 
irka 


exp  {  j_i  4  (w)  +  ixr/ 4] 


wh«  r » 

tiw)  =ka  [  cos  w  -  (  it/  2  -  w )  sinw]  (A- 

and  (A4)  is  valid  for  |arg  (t{w  f'3)  j  <  2ir/3  . 

Let 

v  ?  kja  sin w  (A! 

and 

dv  =  kja  cos  w  dw=  ikta  cosh  v  dv  (A: 

where  the  last  equality  is  valid  on  the  imaginary  axis  in  the  v  -plan  :  (Abramowitz  and  I.  S.egun,  1964). 
Using  the  Debye  approximation  in  (A4),  with  (A 5a,  b),  in  (A3),  one  may  obtain: 


3  n  A- ********* 


II.? 


where 


x  '  1  +  R  [  v)]2  exp[  -  kj*  ( »  +  |  sinh  v  ’  exp(  12kja(coah  v-v  alnh  v)} 

1  -  -  •?»/  -  d  v 

1  o  1  -  (- 1)  exp  [  12k  j»(coah  v-v  alnh  v  )}  exp(--kja  alnhv) 

i  •>  f  exp(12k  .a)  _  exp (14k.*)  , 

-  -fw[HR(0)12  [  jvv.1-.J.I1?-i.r  +  .  j+0.-^)(Afe> 


RIO)  = 


i-  /nr&n 

1+  Jl-Z&n 


The  asymptotic  reault  In  (A6)  follows  on  geometric  aeries  expansion  of  the  integran  1  and  evaluation  of 
each  integral  in  the  aeries  by  ‘ntegratlon  by  parts.  Similarly, 

lao  expliZve^Hj^lk.a)’2!  l+R(v);2exp(-lv  1^-4.')] 

I  »  -  T  /  - ~ " . . — ■).  ■■  ' —  - to  "  . . . . .  d  V 

"2  o  1- R  (v)  exp(i2v  elH^’ikja)/ li^'ikja) 

,  <-exp(l2k.a)  _  uxp;+i4k.a)  "i 

~  -iri+Rio)]4  - - - +<-i)R(oi - i - ••.Uo<4t)  (A 

l  (*-!♦-♦ '|>k,*  (2w-  |4>  -♦ 1  |)kja  J  k^a* 


To  deal  with  the  integral  I£  in  (21),  we  write: 

o 


exp(i  v  j4>  -4«  '  | )  d  v 


*0  (nk,a)2  -i*>  [JJ(kja)  -  Jy  (kja)  Z(v  )]{ Hy(2),(kja)  -  Z(v  )  2)(k  v  )] 


where 


<))' 

^2_  Hv  <k2a) 
kl  Hv(1,(k2a) 


The  denominator  in  iA8)  may  be  rewritten  a0: 


D»  j  £  H^'tkja)  H^lk^)  -  Z(v)iHyU)(kJa)Hj2)'(kIa)  +  Hv(1),(k1a)  HvfZ)(k,a)] 

+  Z2(v)H|,2)lk1a)Hi|1\kIa)  +  [  Hi2)' ():,«;-  Z(v  )  H.<r)(kjai] 2  j 
Using  Debye  approximations  from  (A4)  , 

D~  T  ^51 r^T~  !  0*  +  exp(-ln/  2)  (l  -  exp  (in/2)^  exp(-i  2  C(w)l 

1  L  '  cosw  '  '  /  J 


where 


Z(w)  a  r-^—  exp  (in/2)  'osw. 


1  ^  slnw) 


Thus,  on  the  imaginary  axis,  for  /  >  0  , 


1  +  Vi.-: 

coah  v 


exp  (-21 1 ,  v)  )J 


whe»e  C(v)  is  given  by  ( 3 ib)  \Mth  w  =  iv  ,  It  follows  that 


1  ~  i  / 

C  ev  W  » 


exp  (-kja  |<>  -*  ' !  sinh  v )  d* 


°  f* +  4(-i)  exp  (-nk, a  alnh  vi  exp  [ -2lk,a(coah  v  -  v  alnh  v)l~| 

(_  coah‘v  1  J 

Here,  the  contribution  from  -  i  ooto  0  in  (A8)  is  neglected  since  it  is  O  (  r-^ —  )  (see  A(6))  . 

*  1 


(A  12a) 


n-s 


APPENDIX  Z  *  Approximation  of  R^gj 
From  (30), 


^  -i*  4 


_  ,  „  N+l  N+l 

[  lrlT<w)}* fR(w))  (-0  e*P<lqN(w))«xp  [U&tw)) 


N 


1  -  R(w)  exp[Ut(w)](-i) 


Wo  now  rewrite 

(-1)  exp(  12t  (w)]  S(w) 


where 


J  r  1+  (-1)  exp  [  2it  (w)  )R(w)  *1 
i-(-l)  exp[l2l(wl]  Sfw)  1  L  U(-l)  exp[2lt(w))R{».)  J 

*-{ £»+i t»n[(Uwi+  ^  +  |n 

5  <w>  *  exp  fi  $(w)]  exp  [  I  n  |P  (w)|l 


if  the  saddle  point  WN  for  the  last  ray  aatlafiea 


^  (VM)  + 


N 

#<V 


-N,  e  j -  +  «/4  *  jx 

where  j  le  an  Integer, then  the  remainder  term  becomes  approximately  (see  (32)) 

l  f.  U*(VV  1  lR(V' 

rnm  ‘*js  [  -  u  S(;n,  J  --s  ^t,i 

This  result  is  used  in  (35), 


(A  15) 


(A  lb) 


(Al?) 


(A  18) 


(A  19) 


lA20) 


Note  that  the  phase  function  q  (w)  does  not  include  the  phase  of  the  reflection  coefficient  terms  that 
appear  as  amplitudes.  Therefore,  the  ray  paths  do  not  have  lateral  shifts  on  ih->  boundary,  for  the 
case  of  interest  here,  the  shift  effects  are  negligible  when  the  Debye  approximation  can  be  applied.; 
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steepest  iter  cent  paths  and  slnentai  ities  in  n -plane  (»•  *  hja  «lt\  at 
direct  island  the  N  times  rollertcil  rav  (last  ravl  ace  wv<  aid  \\ 
remainder  integral  (sen  equation  (Mai)  is  alone  v’  ,  one  has  in 
contributions  trom  thr  whispering  gallery  mode  poles  in  -Mil  (•> 
path  may  capture  creeping  waves  \>  ith  (  v  N. 


<  I'lie  saddle  points  tv'i  the 
^  ,  respectively.  When  the 
addition  to  the  integral  the 
M  .  Also  the  dptormed 


Comparison  of  mixture  of  rays  and  whispering  gallery  modes  with  whispering  gallery  mode  suit. 
1  he  reference  solution  involves  summation  over  30  whispering  gallerv  modes  and  is  shown  as 
the  solid  curve.  The  hybr.J  representation  of  inodes  and  rays  is  shown  as  the  dashed  curve,, 
and  M  and  N  indicate  the  number  of  modes  and  rays,  respectively.  Actually  computed  points 
are  indicated  by  •-  for  the  mode  sum  and  X  for  the  ray-mode  mixture,  respectively,  with  the 
number  next  to  X  denoting  M  ..  The  number  N  cf  included  raye  is  shown  near  the  bottom 
scale.  The  direct  ray  (n  -  01  is  orntted  front  the  calculation  (see  Kig,  o(b)).. 


Mode  sum 

Ray -mods 
mixture 


3  Rays 


Distance  <'* 


Normalized  Field.  Magnitude 


7(b)  3  M  <  6  so  that  some  of  the  whispering  gallery  modes  with  very  small  los^-  aiv  omitted.*  The 
ray-optical  remainder  may  now  be  appreciable.; 
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RESUME  - 


La  frequence  ciitlq^  r jr  2  d~  _0"cbr  I'Tosp^frice  <-st  l'un  des  parametres  geophysi- 
ques  les  plus  important;'  parmi  ceux  qui  interviennent  dar.s  la  propagation  des  ondes  decaraetr,  ques L1  in¬ 
certitude  su”  la  oonr.aissance  de  foF2  intr^duit  noeammenr  I'une  des  principales  limitations  a  I'efficaeite 
des  outils  tres  pjissants  actuel lament  disponibles  pour  les  ealculs  dc  propagation  (t  g.  :  la  trajectogra- 
phie  numerique).;  Dans  la  preser.te  etide,  line  comparaison  systematique  entre  les  distributions  planetaires 
de  la  median?  mensu’1 le  foF2  cai  jlee  a  1'aide  de  modeles  couramment  utilises  et  les  distributions  obser- 
vees  pormet  de  determiner  des  oarres  d'erreur  pour  foF2.:  Puis,  des  valeurs  typiques  de  l'erreur  commise 
sur  £oF2  sont  introduites  comrc  pe rturbations  d'un  nodule  de  couche  F2  utilise  conjnintemert  a  une  metl  ode 
de  trace  de  rayon  a’ in  d'estinfr  ieur  influence  sur  les  resultats  de  calculs  dc  propagation  des  ondes  deta- 
metriques . 


ABSTRACT  - 


The  ionospheric  F7-layer  critical  plasma  frequency  foF2  is  one  key  geophysical  parameter 
among  those  involved  in  H.F.  waves  propagation.  This  means  that  the  efficiency  of  numeiiral  methods  avai¬ 
lable  for  H.r.  waves  propagation  simulation  (e.g.  :  ray  tracing)  is  greatly  limited  by  the  uncertainties 
inherent  to  the  foF2  input  models.  In  'he  present  study,  a  systematic  comparison  between  observed  plane¬ 
tary  distributions  of  monthly  median  fo.'">  and  those  calculated  by  cuirent  models  gives  values  of  error  bars 
on  foF2.  Further,  an  accurate  ray  tracing  method  used  with  F2-region  models  in  which  fo?2  is  perturbed  by 
amounts  equal  to  typical  values  of  its  error  bars  helps  to  assess  the  influence  of  these  error  bars  on  H.F. 
waves  propagation  results. 


I  -  INTRODUCTION  - 

La  simulation  de  la  propagation  des  ondes  de-.ametriques  dans  1 1  ionosphere  requiert  la  modeli- 
sation  de  la  propagation  des  ondes  electromagnetiques  d'une  part,  et  celle  du  milieu  de  propagation  d'autre 
part..  Dans  le  cadre  de  l'optique  geometrique,  auqtel  nous  ncus  ilmitons  ici,  la  modelisation  de  la  propaga¬ 
tion  est  clairement  etahlie.  Dans  ce  cadre  un  modele  d'ionosphere  doit  essentiellement  fournir  une  repre¬ 
sentation  des  variations  spatio-temporelles  ientes  (temps  csracteristique  >  20  mn,  longueur  caracteristi- 
que  )>  quelques  kms)  de  la  frequence  plasma  en  function  de  divers  parametres  geophvsiques  (activite  solaire, 
saison,  temps  local,  position  geographique,  altitude)..  Les  muddles  d'ionosphere  existants  sont  suffisamment 
conformes  a  la  rSalite  ccur  qu'ils  aient  du  permettre  la  raise  au  point  de  techniques  de  calcul  de  la  propa¬ 
gation  de  tres  bonne  precision  (par  exemple,  la  trajectographie  numerique).  Ci-newdant,  le  degre  de  preci¬ 
sion  Jes  modeles  d'ionosphere  n'est  actuellt  lent  par  aussi  satisfaisant  que  celui  de  la  modelisation  de  la 
propagation  elie-raeme.  En  consequence  dans  les  etudes  de  prevision  de  propigation  ou  devaluation  des  sys- 
temes  da  telecommunication  en  ondes  decametriques ,  1 ' incertitude  sur  les  resultats  obtenus  par  simulation 
provient  principalement  de  celle  qui  e.t  introduite  par  la  representation  de  1 ' ionosphere .  Le  but  de  la 
presente  etude  est  de  contribuer  a  une  tache  qui  apparatt  done  indispensable  :  rechercher  une  evaluation 
chiffree  de  ces  incertitudes.- 

'.e  but  assigr.e  a  donne  lieu  a  deux  sous-etudes.  La  premiere  consiste  en  u.ie  comparaison  sys- 
tematique  entre  des  modeles  d'ionosphere  et  des  resultats  de  1 'observation  provenant  du  reseau  mondial 
de  stations  ionospheriques.  File  est  limitee  au  cas  des  modeles  fournissont  des  valeurs  medianes  mensuelles 
de  la  frequence  critique  ordinaire  de  la  couche  F2  (foF2).:  Des  harres  d'erreur  pour  foF2  calculee  sont  ainsi 
dece trainees .  La  second"  sous-etude  utilise  des  valeurs  typiques  de  ces  barres  d';  reur  sur  foF2  afin  d'esti- 
Iner  l'erreur  qu'elles  impliquent  sur  les  valeurs  caicuiees  Jc  parametre*  carart'-nsant  la  propagation  des 
ondes  decametriques . 


II  -  CHOIX  du  PARAMETRE  XONOSPHERIQUE  ETUDIE  ET  DES  MODELE.-.  TESTES  - 

II. 1  -  Choix  du  parametre  foF2 

Du  point  de  vue  de  l'optique  geometrique  des  ondes  H°came: riques ,  les  parametres  qui  ciracte- 
risent  1'etat  de  chaque  couche  ionospherique  sont  sa  frequence  plasma  cri’ique,  et  l'altitude  ou  celle-ci 
est  localisee.  Dans  la  basse  ionosphere  (couches  E  et  FI),  ces  ;  arari  tes  presentent  des  variations  spatio- 
temporelles  reguliSres,  car  en  tres  grande  partie  lices  a  la  variation  de  1 'angle  solaire  zenitha1 .  La  roo- 
uelisafion  derrne  une  bonne  representation  de  leurs  valeurs  medianes  mensuelles,  l'ecart  lelatif  avec  les  me- 
dianes  deduites  de  l'observation  etant  generalement  inferieur  a  quelques  pour  cent  (Rosich  et  col.-  1973, 
Muggleton  1975).  Par  contr?  il  n'en  est  pas  de  merae  pour  les  parametres  de  la  couche  F2.-  Les  variations 
spatio-temporelles  de  la  frequence  critique  foF2  ct  do  I'alcitude  hmF2  ou  elle  est  localisee  resultent  en 
effet  de  mecanismes  physiques  plus  nombreux,  les  mouvements  d'ionisation  jouant  un  rale  preponderant. 


En  consequence,  foF.'  et ,  dans  uu>  moindre  rx-sire  hmK2,  prdsentetit  de*  variat.ons  be.iu<-oup  moiii*  regulie- 

rea  que  eelle*  des  parumdtre*  dc-  la  basve  i-mosphere  ;  ausa<  la  mode  1 1 sat i on  en  rend-elle  moms  bier, 

oompte.-  D'autre  part  pour  lea  radiocnorunications  en  ->ndes  dcramotriques,  les  irajefinirrs  d'enorgie 
qui  sc  ref leehissen;  dans  la  couche  K:  sor.t  les  plus  inportantex.-  :>r  pour  oca  modes  de  propagation,  la 
valeur  de  iot'2  eat  Jetetaunjnte  par  rapport  i  cello  de  hmF? ,  Altai  a  frequence  critique  foF2  fixer,  la  si¬ 
mulation  de  era  modes  dotine  dea  cesultatg  tres  voisius  quel  «■>»-  soil  ie  profit  vortical  dt  fiequonco  plasma 
utilise,  3  condition  oien  enfendu  que  son  cllure  geurrale  nr  soit  pas  fop  irrealiste  (Rush  et  col.  1 07*» » . 
Oe  plus,  hi.  rear:  sui  la  valour  do  foF2  influc  beamoup  plus  stir  irs  res.  Hats  Jo  la  simulation  des  »xli" 
empruntant  la  couchc  F2  qu'un  ocart  sur  hmF2.  Ceci  est  illustre,  par  ettiple,  par  1’ctuJe  de  )’ inf  luer.ee- 

respective  de  la  variability  jour  3  jour  dc  foF2  et  dc  hi»F2  (Rush  et  col  IQ/4). 

*ous  It"!' -r.5  Je,ic  notre  etude  3  eelie  des  erarts  entre  les  media.es  mensiiellos  de  foF2  le- 
duilei  de  i* observation  et  cellos  qu;  snnt  calculoes  3  l’aidi  d"  n-df  s. 


II.'  -  Choix  des  modeles  testes  de  feF2  - 

La  mode l i sal ion  de  la  couche  F2  pout  etro  effectuee  par  r, solution  du  system-  d'equations  ro- 
tissanl  la  par  tie  ioniser  dc  1  ’atmosphere  neutre  terrestre,  couple  a  un  modele  pour  I ’attiospliere  neetre 
clle-meme.  Cette  methode  conduit  3  des  programmes  de  ealeu!  boaucoup  trop  lourds  pour  qu'ils  puissont  otre 
utilises  couraonent  dans  la  simulation  do  la  propagation  des  ondes  dccametriques .-  Aussi  les  modeles  de  foF2 
mediane  mensuelle  testes  ici  sont  coox  dont  la  construction  repose  sur  l'analvso  dos  medianes  observers  four- 
nies  pai  It  rcsc-au  mondial  de  stations  ionospheriques .  Ce  to  am  lyse  ronsiste  a  approcher  (an  sens  des  raoin- 
dres  oarres)  1 'ensemble  des  valours  medianes  m  nsuellcs  observees  de  fuF2  par  des  fonctions  des  parametres 
geophysiques  dont  1'etat  de  la  couche  F2  depend.  Les  modeles  de  foF2  obtenus  dependent  bien  sur  tous  des  me¬ 
ows  puiamet res  geophvsiques  (activity  soiaire,  saison,  temps  local,  position  geographique)  oais  Jiffeient 
par  le  type  des  functions  choisies.  Nous  a"ons  teste  les  plus  couramme  it  utilises,  3  savoir  : 

-  le  module  dit  "d'OSl.O"  :•  les  variations  gcographiq.ics  dc  la  mddiane  dx-nsiiel le  foF2  pour  un 

mois  e.-  une  hour--  Ti  donnes  sout  repres 'iitecs  pat  des  secies  de  fonctions  harmoniques  sphenques  de  la  lati¬ 
tude,  de  la  longitude  el  de  1 ' ir.cl inai son  aagnetique  modifier.  La  vjnati'ii  diurnc  d--s  coefficients  de  ces  ae¬ 
ries  est  representee  au  moven  d’uce  seric  de  Fourier.  La  variation  de  foF2  ivec'  1'activite  soiaire  es  expri- 

mee  en  fonction  de  la  moyeime  gliss-inte  sur  12  mois  (R12)  du  noafcre  de  Wolf  mensuel.  Pour  un  mois  donne , 
foF2  est  supposee  crottre  lina.iirem.-nt  pour  R12  variant  dc  0  3  160  et  etre  eonstante  egale  a  sa  valour  p.-ur 
1!12  egal  3  ISO,  lorsque  RI2  est  Suneriour  ISO  (CCIR,  Rapport  340,  1907).  En  fr.it,  le  modele  d'Oslo  est  issu 

des  travaux  de  Jones  et  col,  (1962,  1966)  qui  n'envisagent  pas  de  regression  sur  fol  ,  en  function  de  l'acti- 

v.te  soiaire.  Pour  notre  part,  nous  d’sposons  de  plusieurs  jeux  de  loefficients  eorrospondant  chdcun  a  un 

mois  et  3  urn-  activity  soiaire  dotuns,  eta>.:s  dop-iis  Janvier  *967  par  le  N0AA-  Ces  jeux  de  coefficients  sont 

ded-jits  par  regression  paraboi-que  fonrtioa  de  P'2  de  ceux  calrules  oar  Jones  et  col.  (1962,  ,966)  pour  les 
r-.inees  iy54  a  I9S8.  Le  modele  dit  d'Oslo  teste  ici  utilise  la  acme  regression  p.ir.iboliqu-  en  function  de 
I'indice  d'activite  soiaire  R 1 2 -• 

-  1*  modele  dit  "de  NFV-pSLH  1 ''  le  modele  precedent  est  construct  en  eonsiderant  chaque  mois 

seoarement  et  ne  eomporte  aurui  *  regression  <i’c  feF2  ei.  fonction  dc  la  saison,  Le  modele  de  New- Delhi  issu 
des  travaux  Je  Jones  et  eel.  < 1  970)  prend  en  corpte  les  variations  satsonnieres  an  moven  de  series  de  Fourier 

dont  les  coefficients  sont  catcules  a  I'aide  de  60  mois  d<-  donnees.  De  plus,  le  modele  de  New-Delhi  eomporte 

explicit. -ment  une  representation  des  variations  Je  foF2  avi  r'  1  'ac  ivite  soiaire.  II  suppose  une  relation 
parabolique  entre  le*  coefficients  des  series  Je  fcnctio".s  de  la  position  geographique  et  un  indirc  d'acti¬ 
vite  soiaire  qui  **st  soit  P12,  soit  <l|2-#l?  (en  1.’“--  Wm“2)  est  13  moyenne  glissante  sur  12  mt'is  du  flux 
soiaire  radioelertrique  mrsure  sur  la  longueur  d'onde  egale  a  10*itm.  la-  module  de  New-Delhi  teste  ici  est 
celui  dans  lequel  l'aclivitc  soiaire  est  exprimec  en  fonction  de  0|2. 

■  Le  oodile  de  Ching  et  thiu  (1973,  l«7-i)  ■:  il  est  construit  .1  I'aide  de  functions  analytiques 
choisies  av  vu  des  resultats  d'emdes  norpliologiques  des  variations  dc  f-F2,  L'avantage  de  cettc  representa¬ 
tion  mathAmatiq-je  est  qu  elle  pernx-t  Jes  ealctifs  tnfoimatiques  de  foF2  coins  couteux  en  taille  memoire  et 
temps  de  calcul.-  De  plus,  “Uni  fondee  sur  des  e t  ides,  morphologiquc-s  prealables,  elle  devrait  a  priori  ren- 
dre  laieux  compte  de  la  mediatie  foF2  vraie. 


Ill  -  ETUDE  de  la  QUALITE  DF.S  M-IPELES  dc  foF2  - 


III.  I  -  Hesure  de  la  qualite  des  modeles  - 

Les  ecarts  entre  les  valeurs  obsei-vees  de  la  mediane  meisuelle  foF2  et  ses  valeurs  ealeulees 
pour  les  merne*  conditions  goophysiques  a  l'3ide  d'un  modele  permettent  de  juger  la  qualite  de  celui-ci. 

Pour  une  station,  un  mois  et  une  heure  donnes,  la  mediant*  observec  n'est  reterwc  o.<nc  donnde  quo  si  le  nom- 
bte  aes^aw xures  avant  servi  a  la  deternner  est  strictonent  superiom  a  trois.  TV  phis,  pour  la  mem.'  station 
et  le  me  me  mois,  1  'ensemble  des  r--dianes  observ-es  n'est  utilise  qu.  si  le  premier  cr.tcre  a  tout  de  net* 
permis  de  retenir  la  total i t.;' ties  valours  hor.11.vs.;  ’I'autrc  r.irr,  "*dianc*  rviisue  1  Ie«  i.ilcul.-es  a 
1’ai.le  J'un  model.*  le  sont  cn  .yilisant  la  valour  ohse'o.y  ,'e  I'-nlice  d’aet  1  vi  id'  soiaire  pour  le  mois  c.'nsi- 
Jer.,  les  , 'carts  sur  foF’  -l-i-  '1  lV.iour  de  prevision  s.ir  ret  11, -live'  sort  done  cl i r-i -u-s . 


Pour  une  statio-,  un  mois  et  1'heure  locale  i,  l'ecart  rntic  -..-s  medianes  foF2  observec 
(l|j)  «t  calculee  (fci)  sera  eonsidere  : 

-  en  valeur  ahsolue  f  L( .  •  -  f  .  (MHz) 

*  Cl  8)1 

-  et  en  valeur  relative  3  la  mddiane  observec  :  (  flf/f)i  •  A(..  f  (T). 

1  81* 


Kii  fait.  don*  1*  but  de  r<*duire  le  nosh  re  des  grainJv  urs  ">  mamputcr,  nous  ctiidicious  l.< 
moyenne  des  fearts  sur  les  .’4  heures  f 
.’4 

x  ■  —  ?  -•  x.  ,  oil  x  *  A I  ■  ou  <  Af't)  .-  Nous  etudieron*  cciijointcment 

i*l 

t'ecart  type 


Sx 


A  f  ou  A  *  !  I . 


qui,  pour  le  et  la  station  donnex.  varactor iso  .a  dispersion  di’itoc  ties  warts  autonr  ae  K  n  valoul 

tsoyerthi'  > . 


L’objectif  est  d’obtemr  dcs  valours  tvpiquos  des  warts  et  dispetsions  ainsi  dottnis.  Mats 
dans  le  mem-  te-rps,  nous  velierelions  si  dos  relations  earaetoristiques  existent  entre  res  naramclics  et 
les  paramo tres  itoophysiques  on  {unction  desquels  sent  laitrS  les  prim  tpales  i egress i oils  sur  lcsqucllcx 
reposem  les  nodi- les  (la  position  geogtaphiquv  et  I'aetivito  solaire).  En  effet  la  miso  en  evidence  do 
telles  relations  pourrait  pe  me  tire  d'«  vent  ue  lies  eoneetions  oes  modules  teste*.- 

Ill  J  -  les  ecarts  en  (onctlon  de  la  position  gdogi  aplnquc  - 

Tour  un  mois  donne,  et  done  nne  activite  solaire  fixee,  les  ecarts  x  et  lour  dispersions 
diurnes  Sx  sont  repre  -entes  en  fonetion  de  la  latitude  geograph  i  quo  a 'line  part,  et  de  la  longitude  d'nutto 
patt.  La  soulo  variation  cnaiterist  ique  qui  en  ressoite  est  lido  a  un  etlet  saisonnier  et  c onrv ' no  lo< 
distributions  en  latitude  pour  les  amide*  d'activite  sol.'ire  taiblo  ou  moyonue  ( R  l *s-l  10S> .  Sous  pro- 
sentans  1  title  d'cxemple  los  distribution:  goograpliiquos  los  ecarts  relatifs  Af/f  et  do  lours  disper¬ 
sions  diurnes  S  &i't  afferent*  au  modcie  ue  NeW-IVllii  piHir  Janvier  et  Juillet  INnS.  (V  sont  Jen*  "ois  poi.i 
lesquels  U-s  activite  solaire*  sont  ties  voisinos  (<t>IJ  Cgale  respect ivement  71.8  .  10  -  -  Win-,  -t 
7b  4  .  10"-'  Win" - 1 les  repartitions  e.l  longitude  sont  quclconqucs  (Figures  1  et  J1 .  Par  oontiv,  un  etlet 
saisonnier  pout  ctre  mis  en  evidence  sur  !o«  distributions  en  latitude.-  Af/f  pour  le  mois  do  Janvier 
(Figure  la)  est  gdneralomer*  negattf  dans  l ’Hemisphere  d’ete.-  Pans  1 'hemisphere  d'hiver  (Figure  la),  il 
pout  elre  negatlf  ou  positif,  la  moyeono  en  latitude  etant  positive.  Af/t  pour  le  moi s  de  Juillet  est  ge- 
neralemcnt  negartf  dans  1’ hemisphere  dVte  (Figtrc  4a).  Pan*  1 ‘hemisphere  d'hiver  it  pent  etre  negatit  ou 
positif,  sa  moyenue  en  latitude  etant  ici  positive,  voisinv  do  zero.  En  resume,  les  valours  ealeulees  de 
foF2  soi.t  (en  moyenne  diurne)  inferieures  aux  valours  olis.  rv.-es  1'ete,  et  superieures  (on  egalos)  aux  v  .- 
lours  observers  I'hivo-.  IV  plus  la  dispersion  diurne  S  if  if  dvs  .-carts  relatifs  est  plus  latble  dans 
1 'liemi  .phere  d'etc  quo  daiio  celui  d'hiver  (figufvs  .lb  et  4'o) .  La  vaiiation  diurne  est  done  mieux  modelisee 
dins  ,e  cas  de  1'ete.-  les  nemos  c-mc  his  ions  neuvenl  elre  tfees  de  I' etude  des  ecarts  absolux  Af  >  t  de 
leurs  dispersions  S  .  Elios  ressot.-nt  at.ssi  de  l'analvse  en  ''miction  de  1 '  inc'.inaii  ot'  magnet  iq.n  modi¬ 
fier  in  est  en  rcalite  la  variable  laiituO'nalc  ititervenant  dans  les  medi'les  du  type  de  .elui  ,ie  Nev-Pelhi. 
Cat  tffet  saisonnier  n’a  pu  etre  mis  en  evidenc.  <me  pour  les  annees  d’activite'  solaire  la, hie  on  movenno. 

II  sera  mon're  plus  precisdment  dans  le  paragraphe  t.'itant  des  eca-ts  en  fv*nctiv*n  le  la  sal  sen . 

D' autre  peri,  les  valours  des  ecarts  et  do  lours  d!- per;. ions  diurnes  sont  d.lr»  I'onsemble 
comprises  a  l'interieur  de  domaines  limit's  (sur  l-m  exemples  precedents  :•  |Al/fl  •>  sAfM  *  1 

soit  pour  les  ecarts  absolus  I  Af  1  S^0.7S  MHr  et  S  Af  1H/).  ''■•is  quvlques  points  sont  tres  en 

dehors  de  cos  limitcs  et  de  plus  entre  deux  stations  tres  voisi-uS  les  v-ici  -lions  des  reait*  et  dispersions 
peuvent  etre  tr.s  import  antes .  La  dispari  to  dans  la  qaal  i  to  d -s  mesures  .1’  no  s.-ition  .a  1’autre  est  pro- 
bablement  a  I’otignx-  de  cos  points  aheirants  et  discont inuitds. 

ties  results. s  de  l’analvse  en  four  ion  de  'i  po-ition  grographiqin  oondntsent  1  etudier  les 
fcarts  sur  foF2  et  leurs  dispersions  diurnes  noycunes  sur  trois  ban-.es  de  latitude  .-  la  rone  Noid,  la  rone 
5ud  v  t  la  rone  Kquatori.le  1  *■  Jo*  da  latitude),  zone  do  transition  ent.e  les  deux  premieres,  CeMe  I’Oif- 
dare  permet  de  redti.r,-  1’ influence  du  taeteur  d’erreur  propre  a  chaque  station  et  d'jbtenit  des  valours  tv- 
piqu'-s  des  ecarts  et  da  leurs  dispersions  diurnes.-  Tour  qu'el’.es  »  lent  signi  f  i cat i ves  et  eomp..rahlos  d'une 
band’'  de  latitude  a  1 'autre,  les  rx'vennes  sont  ealeulees  en  respectailt  deux  regies  ? 

-  les  stations  dont  les  mesures  sont  utilisees  Sv*nt  reparties  le  plus  uni t’ormement  possible 
en  lv  gitude  (aucune  longitude  n'esi  pri vi legiee)  ; 

-  tout  en  respeetant  eettr  premiere  regie,  le  plus  grand  nombre  possibl,  de  stations  est  *-e- 
teiiu  t''erreur  aleatoire  d'une  station  a  l 'autre  en  est  ainsi  a'autant  ulus  reduite).- 

l*s  moyennes  en  latitude  sent  ainsi  ealeulees  ii  I’aido  vie  10.  8  et  1.'  points  pern  respect ivement  la  /one 
Nord,  Equatorial!1  et  Sud, 

III.'  -  les  ecarts  en  fonetu*n  de  I'acitivite  solat re  - 

Les  ecarts  move  ns  sur  .'4  heures  cl  leuts  dispersions  diurne:  sont  etudies  en  lenction  vie  l'ac- 
tivitv'  solaire  en  valours  seventies  par  bande  de  latituvlv.-  Con'ointement  ils  sont  etudies  en  valours  m>n  m.’veo- 
n.es  en  lititude,  Pne  v'valiiat  iv*n  globule  de  la  qua'  i  to  do  la  n'gressiv’n  en  timet  ion  vie  1’avtivite  solaire 
est  en  elfel  obtenue  a  1'aitle  d'histogr.vaiies  du  n.rg’ re  vie  pv'ims  ti.e.  vie  stations)  pal  inteiva] le'  vie  va’eurs 
non  moyennees  en  latitude  des  ecarts  d'une  part  et  de  leurs  dispersions  ninnies  d' autre  part.-  I'es  liistogiam- 
mes  sort  determines  a  1'ii do  du  maximum  disponihle  vie  points  vie  mv-sure . 

Hans  les  deux  cas,  pour  in;  mois  fixe,  le  mois  de  Janvier,  quatre  ni ve.i.ix  d'.uli.ite  solaire' 


am-.t  retenas. 


I.M 


1  JANVIER 

1965 

ln?2 

~  1970 

1958  " 

r  j> 

j  12  . 

11.7 

70.8 

105.6 

199.0 

4>.  2  (10  “Urn  ') 

73.80 

120.50 

154.60 

241.60 

Nonbre  de  points 
utilises  pour  les 
histogrammes 

98 

94 

;  i 

121 

Seule  1'etuue  des  ecarls  reiatifs  sur  toF2  est  ici  presentee  de  manie.e  detaillee.-  l-'aljure 
generale  des  variations  des  eearts  abso'.us  est  on  effet  identique  A  celle  des  eearts  reiatifs..  De  plus,  dans 
1 'etude  de  1'iniluence  des  eearts  aff-'rtant  foF.’  sur  la  propagation  des  under'  dec.«mecriqucs ,  ee  sunt  les 
ecaris  relatif?  qui  interviennent . 

I  .3.  •  A)  Cas  du  modele  d'Oslo  ; 

Da-*--.  ies  zones  Fquutoriale  et  Sud.  les  eearts  reiatifs  movens  en  latitude  augment ent  aver  l'ac- 
tivite  solaire,  candts  que  dans  la  zone  Nord  ils  varient  pen  (figure  3a).,  Pour  les  aetivites  -olaires  pen 
elevees  ( K 1 2  <1  70) ,  les  eearts  reiatifs  eoneernant  foF2  caleulee  pour  la  zone  Equatoriale  sent  les  plus 
faibtes.  Mais  ils  devieunent  les  plus  Torts  (avec‘  ceux  eoneernant  la  zone  Sud)  pour  les  activite  soiaires 
elevees  (RI2^7U)  Les  eearts  absolus  et  reiatifs  maximum  (i.e.  :  quelle  que  soit  'i  bande  de  latitude) 
sont  respcctivement  voisins  de  0.4  MHz  et  7.6  2,  si  l'a.mee  1938  ( R | _>  oi  200)  n'est  pas  prise  en  eompte. 

Si  elle  l’est,  ils  valent  tespeetivement  I  MHz  et  9  !. 


Dans  les  zones  Equatoriales  et  NorJ,  les  dispersions  diurnes  des  eearts,  movennes  en  latitude, 
augmentent  avec  l'activite  solaire  lorsque  celle-ei  est  faible  on  movenne  (R12  ^JlOO)  et  diminuent  aver 
l'activite  so'aire  lorsque  celle-ct  est  -  levee  (R|22>IOO)  (figure  3b).  Les  d:spersions  diurnes  les  plus 
faibles  concernent  la  zone  Sud  ou,  quelle  que  soit  l'activite  solaire,  S  ~  0.43  MHz  -t  S^f/f=t7  7...  I.es 
dispersions  diurnes  maximaies  des  eearts  reiatifs  et  absolus  concernent  les  zones  Equatoriale  et/ou  Nord, 
pour  l'annee  1970.  (R|2  100)  et  sont  respectivement  voisines  de  0.9  MHz  et  16  Z. 


En  resume,  la  regression  en  fonction  de  l'activite  solaire  devient  mauvaise,  en  moyenne  sur 
24  lieures,  lorsque  cette  activite  est  tres  elevee.  Mais  dans  ce  cas  la  variation  diurnc  est  mieux  cernee 
par  le  modele.  Au  total,  'es  homes  superieures  des  domaines  de  variation  de  Ai  et  de  Af/f  sont  fourmes 
par  les  valeurs  trouvees  pour  les  annees  de  soldi  calme  ou  movennement  actif.-  Notons  toutefois  que  ees 
burnt r  varimt  pt-u  a-e:'  l’activite  solaire.  (Figure  Sc,  trait  epais).-  Le  domaine  typique  ne  variation  do 
l'ecart  relatif  (quelles  que  smt  l'activite  solaire,  la  position  "eographique  et  l'heure)  est  done’  :■ 

-  14 1  <-T5?r  <2; 


Ces  resulta,,s  som  confirmes  par  l'examen  des  hi  stogrammes  du  numb  re  de  "units  par  ln'ervalle 
de  valeurs  des  eearts  reiatifs  e<  de  leurs  dispersions  diurnes  respectivement,  non  moyennees  on  latitude.- 
Pour  les  annees  u'activite  solairi  faible  ou  moyenne  (figures  7..  d,  9  ;  courbes  en  trait  fin),  les  eearts 
reiatifs  sont  en  majorite  contenus  dans  un  doraaim.  ccnlie  au  voisinage  de  0  Z  :  par  exempli',  pour  l'annee 
1963,  8l  7.  des  valeurs  sont  comprises  dans  le  domaine  *.  9  Z.  Pour  ces  me.iies  annees,  les  dispersions  diurnes 
des  eearts  reiatifs  (Figures  12,  13,  14,  .-ourbes  en  trait  fin'  sont  en  majorite  eontenues  dans  un  domaine 
centre  au  voisinage  de  9  ;  ;  pour  1963  par  example,  87  7,  des  valeurs  sont  dans  le  oomaine  9  *  6  Z.  Par 
contre,  pour  l'annee  1938,  le  domaine  contenant  la  majorite  des  eearts  reiatifs  'figure  10,  eourbe  en  trait 
fin'  est  centre  au  voisinage  de  6  T,  87  *  des  points  elan!  dans  lc  domaine  6  t  9  1.  Mais  le  domaine  J"s 
dispersions  diurnes  est  mainteuant  centre  iu  voisinage  de  Z,  87  7  oes  points  eranf  dans  le  domaine  7  *  7  Z. 
Pour  t'ann^e  de  force  activite  solaire  et  a  I'erhelle  plaieture,  nous  retrouvons  le  decalage  des  eearts 
vers  des  valeurs  plus  elevees  ainsi  que  celui  des  dispersions  diurnes  vers  des  valeurs  plus  faibles.- 


III. 3,;  :  B)  Cas  du  modele  de  Netf-Dolhi 


Les  eearts  absolus  et  reiatifs  movens  "n  latitude  pour  les  fortes  activities  soldi  res  sont 
rediits  par  rapport  au  cas  du  modele  d'Oslo  (figure  Oc).-  Leurs  valeurs  maximaies  sont  respectivement  voisines 
de  0,/  MHz  et  6  Z ,  contre  1  MHz  e'  9  '  precedemr.'ent .-  Lee'  dispersions  diurnes  des  eearts  sont  pratiquement 
incliangees  (figure  5b).-  La  regression  en  fonction  de  l'activite  solaire  donne  i  one,  po  ir  les  fortes  aetivites 
solaires,  des  valeurs  de  foF2  plus  proches  des  valeurs  vrai-s  (quelle  qtie  soit  l'heure  puisque  let  disper¬ 
sions  diurnes  sont  inchaugees  sinon  plus  faibles).-  Neanmoins,  les  eearts  reiatifs  pour  les  annees  u'activite 
solaire  moyenne  (1972,  1970)  sont  sensiblement  aecrus,  not.mmert  pour  les  zones  Equatoriale  et  Nord  (Figure 
3a).  En  definitive,  le  domaine  typique  de  variation  des  eearts  reiatifs  (quelle  que  so;t  i 'hen-.  ,  la  position 
geographique  et  l'activite  solaire)  est  1  li-meme  legerement  accru  ■  _  /  JfoF2  --  ,  , 

'  lb  '  %-~f5FT  ^  ' 


(figure  5c,  trait  pointille' 


Les  his togranroes  du  nombre  de  stations  par  interval le  de  valeurs  non  moyennees  Jes  ocarrs  re¬ 
iatifs  confirroent  ces  conclusions.  Pour  l'annee  J958,  le  modele  de  New-Delui  est  globablemeut  meilleui  que 
celui  d'Oslo.  I'histogrsmme  des  eearts  (figure  10,  trait  epais)  est  'ainten^nt  centre  au  voisinage  de  0  \ 

86  %  des  point. s  etant  situes  dans  le  domaine  i  9  Z.  Celui  des  dispersions  diurnes  (figure  l*,  trait  enais) 
est  p-at iquement  inchange.  Pour  les  annees  d'activi  .e  solaire  moyenne  ,>  le  mode ; t  de  New-Delhi  est  legeremen* 
moins  bon.-  Pour  l'annee  1972,  l ’histogramme  des  eearts  (figure  8,  trait  epais)  en  centre  au  vus  inage  de 
+  4  Z  (contre  1  Z  pour  le  modele  J*  Oslo,  figure  8,  trait  tin).*  Do  memo  pour  l'annee  1970,  87  T  des 

points  sent  dans  le  domaine  ±  15  Z  (figure  9,  trait  epais)  ;  au  lieu  Je  87  Z  de  points  dans  U  domaine 
t  12  Z  pour  les  eearts  J.'uuits  du  modele  dVVio  (figut*  9,  trait  fin).* 


D'autre  part,  laa  histogram,1*  par  intervalla  da  valaura  do*  dispersions  diurn**  (figure* 
111  II)  sont  pratiquement  inching!*  paaaant  du  modMc  d’Oato  (trait  fin)  1  celui  da  Nev-Delhi  (trait 
fpaia);  quail*  qua  *oit  I'activitf  solaire. 


It  1, 3.  :  C)~Caa.du  modfle  da  China  at  Chiu  : 

La  variation  en  function  d«  1 'nctivitfi  aolaire  da*  hearts  noyen*  an  Ijtitud*  **t  semblabte 
1  celle  de*  hearts  afferent*  au  module  de  Ncv-Delhi  (figure  3a).  Mai*  (aauf  pour  te*  zone*  Kquatorialea 
at  Sud  dans  le  ca*  d'activiths  solaires  faible*  ou  moyenne*  (R|2  j^,IOO))lc*  heart*  isoyen*  aur  foF2  *ont 
ici  plua  important*  (figure  3a).  En  partieulier,  pour  l 'activity  aolaire  trh*  hlevh*  (R|2  Ox  200),  lea 
heart*  abaolua  et  ralatif*  maximum*  »ont  retpectivement  voiaih*  -d*  -  2.3  Mix  at  -  24  X.  En  r  yanne  »ur  le* 

24  hauraa  foF2  calculhe  a  done  tendance  1  etre  infhrieure  1  foF2  obttrvhe .  D'autre  part,  lea  dispersions 
diurnes  da*  heart*  variant  avec  I'activitf  aolaire  de  manihre  similaire  1  calls*  affhrvntea  au  modfle  de  Nov- 
Oelhi,  mais  aont  ghnhralemcnt  auphrioure*  (valeurs  entre  10  et  2b  X,  contra  b  at  17  X,  figure  3b).  En  fait, 
I'examen  de*  hearts  en  fonction  de  t'heure,  en  diverse*  stations,  rfvhl*  qua  la  variation  diurne  de  foF2  eat 
corractaaant  modf liafe  maia  aouvent  «n  retard  par  rapport  1  celle  de  foF2  observes  (retard  Ih  surtout  aux 
heure*  de  lever  du  soleil  ;  cf.  le*  comparaisona  effectufea  par  Ching  et  Chiu  1973).  Ceci  i  .plique  au  moinu 
en  partie  le*  heart*  et  dispersions  diurne*  important*.  En  tout  htat  do  cause,  le*  domaine?  de  variation  de 
AfoF2  et  *3foF2/foF2  suivent,  en  fonction  de  l'aetivith  aolaire,  la  mfrae  hvolution  que  •  ,-hchdemtnent ,  mai* 
aont  plus  larges  (figure  5c,  trait  tirote).  Le  domnine  extreme  de  variation  de*  he  :t»  relatif* 

(i.e.  :  quelle*  que  aoient  I'activitf  solaire,  la  position  ghogrnphique  et  l'heure)  est  : 


-  47  X 


C4 


£oF2 

oF2 


40  X. 


Le*  histograane*  par  intervallea  de  valeurtnon  moyennfeaen  latitude  de*  heart*  relatif*,  pour 
le*  activith*  aolaire*  faible*  et  moyennea  (figures  7,  8,  9,  trait*  en  pointillhs),  prhaentent  un  maximum 
plat  et  large.  Pour  l'annhe  19f>5  (R|2  Qt  10)  par  example,  84  X  de*  point*  aont  situhs  dans  le  domains  a  21  'i 
(dan*  le  cas  de*  modules  prhehdcnts,  un  pourcentage  similaire  de  points  htait  trouvh  dans  le  domain*  t  9  X) . 
En  outre,  lea  hearts  forts  sent  ici  plus  nosfcreux  ;  pour  1965  (reapectivement  1972),  16  X  (rc*p.  19  X)  dea 
points  sont  au-delA  des  limits*  a  21  X.  Pour  l'annhe  d'activith  solaire  trh*  hlevhc  (figure  10,  trait*  en 
pointilihs),  I'histogramme  prhsente  un  maximum  prononch  au  voisinage  de  -  17  X,  8:  X  de*  point*  ftant  dans 
le  domains  -  17  a  20  X.  Ceci  confirms  que  pour  I'activitf  solaire  trfs  hlevhe  (R)2  ox  200),  le*  valour*  de 
foF2  calculhe*  1  l'aide  du  modfle  de  Ching  et  Chiu  aont,  en  moyenne  sur  24  heures,  gfnfralement  inffrieure* 
aux  valeurs  obscrvhe*.  Par  ailleurs,  quelle  que  soit  I'activitf  solaire,  le*  hiatogrammes  par  intervallea  do 
valeurs  des  dispersions  diurne*  prfsentent  un  maximum  prononcf  au  voisinage  de  20  X,  plus  de  PO  X  de*  points 
ftant  compris  dans  te  domains  20  i  10  X  (figutes  II  3  14,  traits  en  pointillfs).  (Vc;  confirms  que  la  varia¬ 
tion  diurne  de  foF2  n'est  pas  correcteimrnt  cernfe. 


III. 4  -  Lea  hearts  en  fonction  de  la  ssiaon  : 


l.'effet  saisonnier  mis  en  hvidence  jur  les  .'distributions  en  latitude  de*  hearts  moyens  sur 
24  heures  et  sur  cells*  de  leurs  dispersions  diurnes  pour  les  activith  solaires  faib’  -s  et  moyennes  (para¬ 
graphs  III. 2)  est  ici  prheish  dans  1*  cas  du  modfle  de  Nev-Delhi  pour  l'annhe  1972.  L'annhe  1972  correspond 
A  une  activith  aolaire  moyenr.e  et  variant  au  plus  de  13  X  au  cours  des  12  mois  (valeurs  extremes  de  (J>i;  : 
123  et  109 . IO~22  Wm--,  pour  mai  et  dhcembre  reapectivement).  Les  hearts  relatif*  moyen*  en  latitude  (figure 
6a)  sont  positifs  pour  1'hivcr,  de  valeur  maximum  voisine  de  8  X  pour  l'hiver-N  d,  et  de  12  X  pour  I'hiver- 
Sud.  11s  sont  nhgatifa  pour  I'hth-Nord  de  valeur  absolue  maximum  voisine  de  10  Z  et  nhgaiifs  voisins  de  thro 
(  a  l  2  1)  pour  I'hth-Sud.  Autrement  dit,  en  moyenne  r.ur  24  heures,  foF2  calcu*  e  pour  le  aetivite  solaires 
moyennes  prhsente  une  anomalie  d'hiver  renforehe  par  rapport  i!  I'anomalie  d’hiv;  rhelle.  "our  les  activiihs 
solaires  faibles,  foF2  calculhe  prhaentera  une  anomalie  d'hiver  qui  n'existe  pa:-  en  rhalit.'.  D'autre  part  les 
dispersions  diurnes  moyennes  en  latitude  des  hearts  relatif*  (figure  6a)  prhsen:  >nt  un  ma'  imum  voisin  de 
14  -  16  X  l’hivev  et  un  minimum  voisin  de  4  -  6  X  l'hth.  La  variation  diurne  de  oF2  calc  lhe  est  done  plus 
proche  de  celle  de  foF2  observhe  dans  le  ca*  de  l’hth  que  dans  le  cas  de  l'hivei.  En  dhfi  itive,  le  domain.' 
de  variation  de  At/f  quelle  que  soit  l'heure  (figure  6b)  eomprend  principal,  sent  des  valeurs  positives 
dans  le  cas  de  l’hiver  ;  il  ne  eomprend  que  des  valeurs  nhgatives  dans  le  cas  d.  l'hth  en  hhmisphhre  Nord, 
et  eat  aituh  autour  de  thro  dans  celui  de  l'hth  en  hhmisphfre  Sud.  Ceci  confirms  quo  I'anomalie  d’hiver  af- 
fectant  foF2  calculhe  est  plus  marquhe  qu'elle  ne  devrait  I'etre,  ou  bion  exiate  contrai rement  il  la  rfalith. 
Le  domaine  maximum  de  variation  de  At/f  (quelles  que  soient  le  position  ghographique,  l’heure,  la  saison) 
obtenu  pour  l'annhe  1972  est  :  -  12  X  ^f)fol'2/foF2  j^28  X  (figure  6b).  le  domains  obtenu  pour  Janvier  soul 
(dhjA  deductible  de  la  figure  5c)  eat  :  -  6  X  foE2/foF2  ^  23  X.  Les  valeurs  ies  hearts  affectant  foF2 

dans  le  cas  de  l’hth  hlargiasent  done  sensiblement  le  domaine  de  variation  do  A i  >F2/foF2. 


IV  -  ERREUR  SDR  LES  RESULTATS  DE  CALCULS  DF.  LA  rROPACA'TON  INPUT  TE  PR  L'KRRKUR  SI  foF2 

L’erreur  comciiae  sur  la  mfdiane  mensuclle  foF2  entrafne  une  erreur  aur  le*  caracthrist  es 

calculhe*  pour  le*  trajectoire*  des  ondes  dhcamhtrique*  qui  empruntent  ta  couche  F2.  Jne  estimation  qu  \ti- 
tative  de  cette  seconde  erreur  est  obtenue  par  comparaison  entre  les  caracthristique  de  la  propagation  cal- 
culhas  par  trac.h  de  rayon  A  travers  un  modfle  de  couche  F2  mhdiane  et  cellea  qui  le  <nt  lorsque  la  frh  .uence 
critique  foF2  eat  wodifihe  aelon  de*  pourcentages  typiques  de*  valeur*  de  1 'erreur  s  r  foF2  dhduites  de 
1'analyte  s.atiitique  prhchdente. 

Le  trach  de.  rayon  conaiate  en  la  rhsolution  numhrique  des  hquation*  d  t'optique  hamilto- 
nienne  (Haselgrove  1954)  ;  le  programme  de  calcul  informatique  dhvelopph  eat  similaire  A  celui  htahli  par 
R.M.  Jones  et  col,  (1975),  L'indice  0*  rhfraction  incorporh  dans  les  hquations  diff  ;rentielle*  rhgit sant 
les  trajectcires  d'hnergie  ne  tient  compte  ni  du  champ  ghomagnhtique,  ni  des  collisions  entre  les  hlectrons 
et  les  ions  et/ou  lea  particules  neutree.  Les  rhsultata  aont  validea  pour  le  mode  ordinaire  en  ca*  de  prise 
en  compte  du  champ  ghomagnhtique. 


T**1  <r*9“*nf*  P'M"  pour  la  couch*  F2  sat  celui  d*  thin*  *t 

Chiu  0973-1975).  U  profit  vertical  qu'll  utilise  eat  donnE  pour  uns  fonaula  de  Chapman,  qui  pour  Isa  cal- 
cula  d*  propagation  donn#  da*  rEaultata  rialiaua  (Huah  st  col.  .973).  Bn  outrs.  I'appticatlon  da  la  mEthode 
■ontra  qua,  3  pourcantagaa  da  perturbation  da  foF2  identiquaa.  lea  varlationa  relatives  daa  caractdri at tqua* 
do  la  propagation  ohtanuaa  aont  du  1 afma  ordre.  que  1*  modEl*  da  la  couch*  F2  initials  aoit  celui  d'Oalo  (ou 
NevDelhi)  ou  calui  da  thing  at  Chiu.  Un  avantage  pratiqu*  iaq>ortant  da  ce  dernier  eat  qu’il  parent  da  divi^ 
aar  par  deux  (ainon  plua)  1*  temp*  da  calcul  d'un*  trajactoira. 


Laa  caractf riatiquaa  de  la  propagation  calculEe*  pour  laa  modEl**  non  perturb!  at  perturbE  da 
la  couch*  F2  concarnant  1*  pramiar  bond  daa  trajactoira*  et  aont  i  la  diatnnce  au  aol  an  fonction  da  1'EIE- 
vation  d'Emiaaion,  pour  different**  f rEqvwncet  d’Emiaaion  (e.g.  :  figure  15)  ,5  la  distance  au  aol  an  fonction 
do  la  frdquanca  maximum  utiliaable  (MUD  qui  lui  correspond  (a.g.  !  figurav  16)  ;  l'angle  d'ElEvation  3  l'Emia- 
aion  da  la  trajactoira  correspondent  3  la  HUF  an  fonction  de  catta  HUF  (a.g.,s  figure  16b). 


Un  axemple  da*  rEaultata  obtenu*  3  1'aide  da  la  mEthode  qui  vient  d'Strv  dEcrite  concern*  la 
propagation  aux  latitudes  aoyennea  europEeivr.es ,  I'Emetteur  Etant  situE  3  l.  arm  ion  (48.45*N,  356.73*11)  at 
l'asimut  de  la  direction  d’Eauasion  Etant  voiain  de  60*.  Le  module  de  couch*  F2  utilisE  eat  celui  qui  eat 
obtanu  pour  la  aoia  da  Janvier  1958  3  1200  TU.  Pour  c*  caa,  la  plus  petit  domain*  de  valaur*  pour  l'erreur 
aur  foF2  calculEe  8  l'aide  de*  modEle*  actual*  eat  tel  que  :  |AfoF2/foF2|  ^  15  X  (figure  5c).  le* 

borne*  auplrieures  (a  15  X)  de  ce  doautine  aont  done  utiliaEes  comae  valeurs  du  pourcentage  da  perturbation 
foF2. 


la  distance  an  fonction  de  1'ElEvation,  calculEe  3  l'aide  du  modEle  non  perturbE  eat  repreaen- 
t<*  aur  la  figure  15  (en  trait  EpaisO  pour  de*  frequences  d'Emiaaion  Egale*  3  20,  30  et  40  MH*.  A  frequence 
fixEe,  partant  des  ElEvation*  -faible*  et  3  elevation  croisaante.  la  distance  au  aol  dEcroit,  passe  par  un 
minimum  (tain),  pui*  croft  rapidenent  juaqu'3  ce  que  les  ElEvation*  atteignent  le  aeuil  au-del3  duquel  le* 
trajectoira*  traveraent  la  couch*  ionosphErique.  La  frequence  d'omission  fixEe  eat  la  MUF  pour  la  distance 
tain.  Notons  que  lea  frequence*  rEflEchies  par  la  couche  F2  appart iennent  ici  au  hsut  de  la  gamae  H.F.  etant 
donnE  la  situation  de  trE*  forte  activitE  aolaire  ( R j 2  'v  200).  Pour  les  aaStaes  frequences,  la  distance  on 
fonction  de  1’ElEvation,  calculEe  lorsque  le  modEle  eat  perturb!  par  un  accroisaenent  de  15  J  de  foF2  eat 
represent!  en  trait  pointillE  aur  la  figure  1'.  L'effet  de  cette  erreur  simulEe  .te  ♦  15  X  sur  t'oF2  est  une 
dEcroisaance  de  la  distance  atteinte,  quelle*  que  soient  1'ElEvation  et  la  frequence  d'Emiaaion.  1.' amplitude 
de  cette  dEcroissance  augmente  avec  1 'Elevation  et  la  frequence.  File  est  infErieure  3  ou  voisine  de  10  X 
pour  le*  distances  atteinte*  par  les  trajectories  rEflEchies  dans  le  bas  de  la  couche  F2  ;  par  exemple  cello* 
de  la  frequence  20  MHz  pour  lea  Elevations  allant  de  0  3  40*.  ou  relies  des  frequences  30  et  40  His  pour  les 
Elevations  infErieures  3  12*  et  22*  respecti vement .  Pour  les  trajactoira*  rEflEchies  plus  prEs  du  maximum  de 
la  couche  F2,  la  diminution  de  la  distance  au  sol  induice  par  1'erreur  de  15  X  sur  foF2  est  plus  importante  ; 
par  example,  3  30  MHz ,  elle  attaint  -  36  X  pour  1 'ElEvation  Egale  3  27*.  Notons  que  les  distances  en  fonction 
de  1'ElEvation,  obter.ues  lorsque  I'arreur  aimulEe  miv  foF2  est  Egale  3  -  15  X,  prEsentent  la  »5me  allure  oais 
correspondent  3  un  accroissement  d'ensemble*. 

la  distance  au  sol  atteinte  par  une  trajactoira  en  fonction  de  la  MUF  qui  lui  correspond  est 
calculEe  dans  le  ca*  du  modEle  initial  (figure  16a,  eourbe  B) ,  et  dans  les  cas  oil  foV2  est  diminuEe  de  15  X 
(courbe  A)  ou  accrue  de  15  X  (courhe  C) .  L'erreur  relative  induite  sur  cette  distance  (qui  n'est  autre  que 
tain)  par  l'erreur  simulEe  de  t  15  X  sur  foF2  croft  avec  la  frequence.  De  plus,  3  MUF  donnEe,  l 'amplitude 
de  l'erreur  sur  tain  est  plus  forte  dans  le  cas  de  l'erreur  negative  sur  foF2.  Ainsi,  pour  une  MUF  Egale  3 
25  HU,  ell*  vaut  ♦  27  X  si  foF2  est  rEduite  de  15  X  et  -  22  X  si  t'oF2  est  accrue  de  15  X  ;  pour  vine  Ml>F 
Egale  3  40  MH»,  les  valeurs  correspondantes  sont  ♦  39  X  et  -  20  X.  NEanmoius,  3  distance  donnEe,  l'erreur 
relative  sur  la  MUF  correspondante  est  constante  quelle  que  aoit  cette  distance  et  voisine  de  t.  15  X  selon 
que  l’erreur  sur  foF2  vaut  elle-mEme  a  15  X. 

1'ElEvation  de  la  trajectoire  correspondent  3  la  MUF  en  fonction  de  celle-ci  fournit  des  reaul- 
tats  analogues  (figure  16b,  courbes  A,  B,  C).  Pour  une  ElEvation  d'Emiaaion  donnEe,  l’erreur  constante  de 
*  15  X  aur  la  MUF  eat  evideraaent  retrouvEe  ici.  De  plus,  l'erreur  relative  sur  1'ElEvation  due  3  celle  sur 
foF2  croft  avec  la  frEquence,  passant  de  t  25  X  environ  pour  une  frequence  Egale  3  24  MHi  3  -  46  X  et  ♦  30  X 
pour  une  frEquence  Egale  3  40  Hlr.  13  encore,  l'erreur  negative  (-  15  X)  sur  foF2  indui't  une  erreur  plus 
forte,  ici  aur  1’ElEvation,  que  celle  induite  par  l'erreur  positive.  Get  effet  est  marquE  sur tout  aux  frE- 
quences  ElevEea. 

De*  rEaultata  identiques  aux  precfdent*  ont  EtE  obtenua  pour  un  caa  de  faible  a  tivitE  aolaire 
(Janvier  1965),  l'erreur  simulEe  sur  foF2  etant  prise  Egale  3  *,  15  X  (figure  5c).  lea  frequence*  alors  rEf te¬ 
chies  par  la  couche  F2  aont  plua  faible*  (  20  Hiz).  Par  ailleur*  •*  calcul*  effeetuEs  pour  le*  mEme* 

caa  de  propagation,  maia  l'erreur  simulEe  sur  foF2  Etant  Egale  3  i  30  A,  moot  rent  que  les  erreur*  resultant** 
aur  le*  caractEriatiquea  du  premier  bond  aont  de  morphologies  aemblables  3  celle*  dEcrite*  ci-d***n*  m»\* 
d'amplitude*  preaque  doubles.  • 

CONCLUSION 


L'Etude  des  Ecart*  entre  le*  valaura  de  la  aEdiane  menauell*  foF2  calculEe*  3  l'aide  de  modEle* 
et  le*  valeura  dlduitea  daa  meaurea  du  rEaeau  mondial  d’ionoaondes  a  permit  de  tester  la  qualtE  de*  rSgrea- 
aiona  utilisEes  pour  la.v construction  .fcs  modEle*.  Elle  a  en  outre  permis  de  dEterminer  de*  valours  maaErique* 
pour  lea  barrea  d’erreur  3  affecter  3  foF2  calculEe.  l’erreur  relative  sur  foF2  calculEe  3  l’aide  uea  modE¬ 
le*  utilisant  da*  aEries  de  fonctionc  eat  comprise  dan*  le  domains  (-  15  X,  ♦  25  X)  quelle*  que  soient  I'ac- 
tivitE  aolaire,  l'heure  et  la  position  gEographique,  l-e  domain*  da  variation  de  l'erreur  aur  foF2  calculEe  3 
l'aide  du  modEl*  phEnomEnologique  de  Ching  et  Chiu  eat  senaiblement  plua  large,  ce  qui  aeatble  du  3  un  dEpha- 
aage  entre  lea  variation*  diurnea  calculEe  et  rEelle  da  foF2.  De  plus,  la  construction  de  ce  axniEle  eat  basfe 
aur  i'utiliaation  des  donnEe*  d'une  cinquantaine  de  station*  aeulemant.  II  pourvait  St  re  amSliorS  plua  faci- 
lement  qu'un  autre  Etant  donnEe  *a  structure  reposant  aur  dea  function*  dEduitaa  d'Etudea  mor  hotogiquea 
de  la  couche  F2. 


i;.: 

1^*  calcuts  rigoureux  de  li  propagation  •(•*  oiulaa  ddoaaitrlqwi  ndcasaitant  das  r#»scurc#a 
informatiques  inport  intes .  La  audita  d'ionoaphtr#  entrant  dana  caa  calculi  doit  done  ftra  auaai  parformaat 
quo  possible,  ee  qui  aat  la  caa  du  aatdr  <a  da  Chtng  ot  Chiu,  militant  ca  audita  pour  la  ccurhe  F2  conjoint#- 
•ant  A  una  technique  da  trajectographiv  nun# ri qua,  da  a  harraa  d'arraur  aur  laa  carar tir la t iquaa  rctculiaa 
da  ta  propagation  riauttantaa  da  catlaa  qui  affectent  foF2  ont  it#  ditanainira.  tWa  barraa  d'arraur  typiquaa 
da  ♦  I*  2  aur  foF2,  voiainaa  da  a  arrvurr  ainimalea  poaaibtaa  A  I'aidv  daa  aoditaa  actual#  da  couchr  f.\  ,n- 
duiaant  un  dotaaina  d'arraur  ( -  20  2,  *  .10  2)  aur  taa  diatancea.  (-  21  2,  ♦  21  2)  aur  laa  #l#vationa  at 
(“  II  2,  ♦  II  2)  aur  laa  MVF  calculiaa  pour  te  premier  bond  daa  trajwctoiraa  daa  ondea  da  ta  gaamm  d#ra- 
arftriquc. 
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1j  :  icari  ri  atit  wjwa  sur  2s  heurea  on  *  nut  tun  do  is  longitude  gecgraphtqtie.  dans  le  is- 

du  module  do  Now-i  .  lhi ,  pour  !o  mu  ue  Jdnvioi  I96S. 

Fijy,  t<  Dispersion  diurr.o  do  I'ecart  rolatif  on  fonotion  do  In  longitude  geog-apbiquc ,  dans  le 

oo*  dti  jislelo  Jo  Nov- Do  lhi,  pour  lo  mois  do  Janvier  l»hS. 

FifiuC  fa  i  iiiro  quo  In  pv ui  1%'  so.;  do  *-’!'**  I9h3. 

Figure  2b  :  Ido®  qoe  lt>  pour  lo  mo:s  do  Juillet  Hd'„ 

Figure  3*  :  Evict  rel.ilif  royen  sur  2»  lieures  on  function  do  In  latitude  poograpluque .  dans  Vo  oas 

d>.  noddle  do  New-Delhi,  pour  lo  oois  do  J  mviot  Idps. 

Figure  U>  i  !'i»pr»i.ri  dii  rne  do  I'eeert  rolatif  on  fonotion  do  la  latitude  geographique,  dans  lo 

oas  du  Modi'  1  e  do  Sew-Dolki.  pour  lo  nets  do  Janvior  1963. 

Figure  '-a  :  Idem  q<ie  J«  no  .r  lo  mo-.s  do  Jui  llol  ions. 

Figure  4b  :■  I  don  quo  ’b  pout  lo  -*’is  dt  Juillot  l*>i»>. 

Figure  ia  :  Ecait  ro«a’!f  meven  sur  14  heurea,  tsovon  en  latitude,  en  fonotion  de  I’aolivite  solai-v. 

pour  lo*  non :s  Nord.  Equalortaie,  Sud,  Do  gauche  A  drcile  :•  ‘"ns  du  meddle  d’Oslo. 
do  New-Delhi,  do  Ching  ot  Chiu. 

Figure  3b  :  'l»-"ique  'a  po.tr  la  dispersion  di.ir:.>  do  1'ooart  rolntit. 

Figure  >c  r-  nine  do  varittion  do  l'dcart  tola!  if  (a  eauche!  et  absolu  (A  droit ol  on  fonotion  Jo 

I'ailiviit  solai-c  quelles  aue  so  lint  1’heuro  or  la  position  Roographiquo. 

Trait  eyais  i  on*  du  noddle  d'OsUv 

"fait  pointille  s  oa*  du  model,-  do  Nev-lielhi. 

trait  tireto  »  ol*  du  noddle  Co  Ching  et  Chiu, 

Figure  bi-b  i  Ecar-  r.latif  aryer  am  24  he -re  a.  -.’Ven  or'  latitude  \bn  a  gaucte)  et  dispersion  diurno 
de  ’.'eoart  yeUti*  r,»iyen  on  latitude  tba  ‘  Jroite)  on  fonotiop  di-  la  unison  poor  los 
zones  S-ird,  Equatnrtale  ot  3uJ,  dans  !e  oa-  du  noddle  uo  Now-Dell’.  Domain.-  de  variation 
dc  !'t  art  rolatif  (bbl  pour  los  zone*  Sord,  tquatorisle,  Sud,  quelle  quo  sott  L'heuro, 
on  fon.’tiiHi  do  la  saison,  dans  lo  -as  du  oodi’io  uo  New-Te ihi . 

1-  ,ure  7  :  Sombre  do  points  i.o.  de  stations!  par  uceiVulle  do  valours  di  l'dcart  yc  iat i f  mo\en 

diurn’.  danr  los  .-as  du  i»>uol«  d’Oslo  (trait  fir.!,  do  Now-'X'ihi  itrait  op„isl  de  Clung 
01  Chiu  (trait  ;h  iitt ill*)  ;  pour  lo  mois  do  Janvior  l%->. 

Figures  b-9-IO  •  Ido*  pour  lo  owns  Jo  Jinvior  1972..  1970,  !«38  rospoot l-.-osarnt . 

Figure  II  f  r.ombr.  de  points  1  ,e .  .lo  -  tat ions)  par  inrervallo  de  valours  de  la  aisporsion  diu.... 

de  l'dcart  rel.itif  dans  lo  oas  du  modi-le  d'Os«  (trait  fin),  de  New— la-lhi  unit  epjn), 
de  Clung  et  Chin  t.ait  point  1 1  lo)  f  pour  le  mois  de  Janviei  l^S. 

F-'g.  12-13-14  j  Idem  pour  ie  zs’is  de  .'anvil  I  |9'2,  1970,  |4S$,  losneoM  vemont . 

Figure  .5  i  Distance  au  sol  en  function  de  l  'un'.'.o  d*  el  ovation  a  'omission,  poor  lo  premier  1“  ! 

ues  titjooroires  d'ondos  do  troquencos  tiroes  (m  >«r)  rdf raotoos  Jane  la  couotie  K2  ; 
.oouraes  en  trait  plein  :  cas  du  module  initial  do  eouehe  F2  ;  lOi.ibes  on  trJit  piintil'.e 
oas  du  modi'  lo  perturl  >  par  uno  orreur  simulde  do  ♦  I'  f  sur  feF-f. 

Figure  16a  »  Distance  an  sol  ninimalo  (1-rin'  on  fonotion  Jo  la  HIT  oorrospondame,  pour  lo  premier 
bond  des  tiajocto:res  d’ondes  dooiiiw't riques  refraoldos  dans  1  :  cou.he  F.  ;  courbi  8  1 
ca*  du  modolo  initial  uo  oou.no  22  ;  courbes  A  ot  l.  :•  oas  du  im>dolo  perturbc  par  uni 
errour  simulde  sur  foF2  do  -  IS  T  ot  »  13  T  rospeotivemont . 

figure  I65  ;■  lde.1  pour  los  angles  d'elovations  a  1' Omit,  si  on  des  fajectnires  •.••»rro.-poiulanl«  .3  la  HIT, 
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DISCUSSION 


L.W.  Pats. lay,  UK 

Section  1 1 .2.  of  the  paper  indicates  that  a  linear  vauanon  of  10F2  i<-  assumed  in  the  Oslo  model  for  values  of  R)2 
between  0  and  100.  However.  Figure  5c,  for  example,  includes  an  analysis  of  this  model  for  values  of  R,2  up  to  200 
What  -ariation  of  f0F2  with  Rl2  is  assumed  foi  values  between  100  and  200°  C'CIR  Report  340  adopts  a  linear 
variation  for  R,2  values  up  to  150. 

Author's  Reply 

In  the  CCIR  Report  340,  Oslo  1966.  the  given  planetary  f0F2  model,  the  so-called  "Oslo  model",,  is  based  on  the 
work  of  Jones  et  col ,  1962.  In  this  work  any  regression  with  the  solar  activity  is  not  considered.  However,  in  the 
Oslo  model  a  linear  relationship  of  f0F2  with  the  solar  index  R,2  is  assumed  For  the  high  values  of  R12  the  actual 
relationship  noticeably  departs  from  a  linear  one.  In  the  Oslo  model  for  any  R,2  value  gr-  .ter  than  1 50  f0F2 
is  calculated  assuming  R12  equal  to  1 50.  This  permits  to  attenuate  the  unrealistic  features  due  to  the  linear 
extrapolation  but  is  in  fact  a  very  crude  simplification.  In  the  present  study  we  have  preferred  to  use  the  Oslo  model 
in  a  more  realistic  way  and  l  ave  fitted  the  available  uSK  coefficients  to  a  parabolic  regression  with  the  solar  activity., 
similarly  to  what  is  done  in  the  New-l)elhi  model  Bui  perhaps  because  of  the  differences  in  ’he  methods  of 
construction  of  respectively  the  Jones  et  col  1%2  and  the  New-Delhi  models,  the  parabolic  regression  gives  in  the 
first  case  a  quasi-nnear  part  and  in  the  second  a  more  .-urved  part  of  a  parabola.  In  fact,  all  through  the  presentation 
of  this  paper,  rigorously  1  had  to  say  a  "modified"  Oslo  model  in  place  of  Oslo  model 
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SUMMARY 


Methods  of  inverting  the  leading  odqe  of  a  baekscatter  lonogram  for  ionospheric  stiucture 
are  presented.-  Two  models  of  the  electron  density  distribution  are  utilized  for  this 
purpose:  (a)  the  quasi-pai ahol ie  (qp)  layer  with  locally  uniform  parameters,  and  (b) 

the  locally  qiasi-paraboKc  (LOP)  layer  with  horizontal  gradients.-  In  each  ea§e,  the 
model  ionosphere  may  be  reoreseated  by  a  multi -dimensional  vector  of  the  form  =  [ f.  l  , 
t. , ,  ...),  whicn  we  may  call  the  "lono^tato"  vector.  The  inversion  procedure  consists  of 
starting  with  ag  initial  estimate  of  f  and  employ i ng  an  iterative  technique  to  obtain  a 
final  value  of  (,  such  that  the  mean  squared  error  between  the  measured  values  of  lead¬ 
ing  edge  data  and  those  computed  from  ft  is  minimized..  The  inversion  procedures  are  il¬ 
lustrated  by  means  of  examples  for  both  cases. 

INTRODUCTION 

1.1. -  The  Inversion  Problem 

It  is  we11  known  that  the  group  path  P'{f)  of  a  radio  wave  at  frequency  f  is  a  nonlinear 
functional  of  the  ionization  density  piofile  N.  While  it  is  a  simple  matter  to  compute 
P'  for  a  given  N  cither  analyticellv  for  some  simple  profiles  or  numerically  for  more 
complex  profiles,  the  inverse  problem  o'  computing  N  for  a  given  P’  becomes  very  diffi¬ 
cult  or  nearly  impossible  in  general. - 

It  happens  that,  for  vertical  incidence,  the  group  delay  integral  (magnetoionic  effects 
ignored)  can  be  transformed  into  the  form  a  convolution  integral  whose  solution  can 
be  readily  found,:  This  technique  and  its  variation  have  been  used  to  invert  the  vertical 
ionograms  to  obtain  true  height  profiles.  However,  for  oblique  rays,  no  such  transforma¬ 
tion  has  been  found  and  its  solution  remains  wry  difficult.  To  assist  the  solution  of 
this  difficult  problem  it  is  noted  thac  the  ionospheric  morphologies  and  modeling  have 
been  subjects  of  study  for  many  years.  The  rough  fust-order  ionospheric  behavior  is 
therefore  known.  It  is  also  possible  that  the  ionospheric  profile  immediately  above  an 
oblique  sounder  can  be  deduced  by  so-mdinq  vertically  from  a  co-located  vertical  sounder. 
In  any  event,  it  is  assumed  that  knowledge  exists,  based  on  which  a  first-order  ionospher¬ 
ic  profile  can  be  constructed.  If  this  *irst-order  profile  does  not  depart  trom  the  true 
profile  appreciably,  it  is  possible  to  remrmulate  the  problem  by  a  lin.  arization  proce¬ 
dure.,  This  reformulated  problem  is  linear  a^d  much  simpler  to  solve.- 

1.2.  Oblique  Soundinq  Data 

There  are  two  kinds  of  oblique  sounding  data:  (a)  Point-to-point  oblique  lonogiams,  and 
(b)  Baekscatter  leading  edge.  Point-to-point  oblique  lonoqrams  are  traces  of  qioup  path 
versus  frequency  for  oblique  propagation  between  two  fixed  points  separated  b^  some  dis¬ 
tance.  For  the  one-hop  mode  of  propagation,  the  reflection  p>oints  of  the  rays  therefore 
lie  in  the  neighborhood  of  the  midpoint  between  the  transmitter  and  the  receiver,  irre¬ 
spective  of  the  frequency.  Similarly,  for  the  multiple-hop  mode  of  propagafon,  reflec¬ 
tion  for  each  hop  occurs  in  the  neighborhood  of  a  single  location,  for  all  frequencies 
capable  of  propaqating  in  that  mode.  It  can  be  easily  con  lectured  that  a  one-hop  mode 
oblique  lonogram  is  capable  of  Droviding  an  equivalent  profile  of  electron  density  valid 
near  the  midpoint  between  the  transmitter  and  the  receiver,  but  is  not  by  itself  too  use 
tul  for  deriving  the  horizontal  gradients  of  electron  density.-  The  use  of  a  two-hop  mode 
trace  in  addition  to  the  one-hop  mode  trace  would  increase  the  utility  of  the  lonogram 
for  deriving  the  norizontal  gradients  but  still  does  not  petmir  their  determination  con¬ 
tinuously  along  the  azimuthal  direction  from  the  transmitter  to  the  reot iver.- 

In  the  case  of  the  baekscatter  leading  edge,  the  transmitter  and  the  receiver  are  located 
at  about  the  same  location  and  the  time  delay  of  the  transmitted  signal  backseattered 
from  the  ground  and  then  received  at  the  receive’’  is  measured  as  a  function  ot  frequency.- 
For  a  given  frequency,  many  returns  are  possible  corresponding  to  all  elevation  angles  of 
transmission  and  reception  within  the  beamwidths  of  the  transmitting  and  receiving  anten¬ 
nas.  There  is  however  a  minimum  value  for  the  time  delay  which  occurs  near  the  transi¬ 
tion  from  the  low  angle  ray  mode  of  propagation  to  the  high  angle  ray  mode  of  propaga¬ 
tion,  as  shown  in  Fig.  1(a).  Thus  fo*-  each  frequency,  a  continuum  of  backseattered  re¬ 
turns  beginning  with  the  minimum  time  delay  return  will  be  received.  Alternatively,  the 
situation  can  be  thought  of  as  a  continuum  of  point-to-point  oblique  lonograms  corres¬ 
ponding  to  continuously  increasing  values  ground  range  of  the  backscatte’’  location  a- 
way  from  the  transmitter.  Such  a  continuum  of  ionograms  is  shown  Fig.  1(b).  The  tan¬ 
gent  curve  to  these  ionograms  is  the  "baekscatter  leading  edqe,"  and  is  generally  the  on- 
1^  useful  portion  of  the  baekscatter  lonogram  since  all  the  other  returnr  cannot  bo  dis¬ 
tinguished  fron  one  another,  except  in  the  case  of  high  resolution  ionograms. 


1. »-: 

It  can  now  bo  seen  from  Fig.  1(b)  that  points  along  tho  backscatter  loading  edge  corre¬ 
spond  to  rays  reflecting  at  continuously  increasing  distant  locations  fiom  tho  transmit¬ 
ter.  Hence  the  backscatter  leading  edge  contains  information  concerning  horizontal  gra¬ 
dients  of  eictron  density  outward  from  the  transmitter'  location  along  the  azimuthal  di¬ 
rection  corresponding  to  the  backscatter  ionogram.  It  is  the  purpose  of  this  pater  U 
discuss  methods  of  obtaining  such  information.  To  do  this,  we  consider  two  ionospheric 
models:  (a)  the  quasi-parabolic  (OP)  layer  with  locally  uniform  parameters,  and  (b)  the 

locally  quasi-parabol ic  (LOP)  layer  with  horizontal  gradient's.  in  the  followinq  section, 
We  shall  discuss  each  model  and  the  cor respond inq  inversion  technique  and  present  eum- 
ples  of  inversion. 

2.  QUASI- PARABOLIC  (OP)  LAYFH 

The  quasi -parabol ic  layer  is  defined  by  the  variation  of  electron  density  N  with  tve 
radial  distance  r  from  the  center  of  the  earth  as  given  by 
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The  sl^qht  mcdification  over  the  parabolic  model,  which  is  defined  by  lqnormq  the  factor 
(r./r)‘  in  (1),  enables  tlio  derivation  of  exact  closed  form  exuiessions  for  the  ray  path 
parameters  for  the  quc.si-parabol  ic  layet  (Croft  and  Hooqasian,  1968)  by  application  of 
Bouquer's  rule  for  ray  tracinq  * n  a  spherically  symmetric  layer  with  no  maqnetic  field. 
For  a  siqnal  of  frequency  f  and  elevation  angle  of  transmission  f,  the  express i on  for  the 
group  path  P'  is  given  as  follows  (Rao,  1974): 


2(1 


r  sin  i 
b 


2r  sin  f 
o 


RF  .  y 
;p/i  ‘n  v-' 


(2) 


where 


F  = 

>  - 

r 

o 

U  =*■ 
V  = 

w  - 

A  * 
B  ■* 
C  = 


f /f. 


cos 


(r~)c° 


s  S  =  elevation  anole  at 


:  radius  of  the  earth 
B' -4 AC 


2Ar. 


B  +  2r.  F.A  sin  > 
b 


2>C  Fr,  sin  i  +  2C  +  Br. 

b  b 

f7-»  +  lrb'Vm>' 

-2r_i\/'  /y  ' 
m  b  1  m 

(^•jnV'  fr^'cos'  8 

V  y«  / 


the  ’^a so  of  the  layet 


To  find  the  minimum  group  path,  which  is  equal  to  the  minimum  time  delay  times  the  veloc¬ 
ity  of  light  in  free  space,  we  first  note  that  foi  a  given  frequency  and  for  a  given  set 
of  layer  parameters,  the  elevation  angle  of  transmission  cori esponding  to  the  minimum 
qroup  path  ray  is  given  by  tho  solution  of  equation 
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Recognizing  that  3P'/3S  varies  continuously  from  a  large  negative  value  near  zero  eleva¬ 
tion  angle  to  a  large  positive  value  near  maximum  elevation  angle  corresponding  to  pene¬ 
tration  of  the  ray  through  the  layer,  we  can  solve  (3)  for  6  in  an  iterative  manner.  The 
penetration  condition  occurs  for  the  ray  apogee  radius  equal  to  -  B/2 A  and  hence  for  the 
elevation  angle  of  transmission  given  by 
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Thus  starting  with  values  of  6  near  zero  and  0_,  the  value  of  0  for  which  3P'/36  is  a 
small  specified  value  can  be  found  in  an  iterative  manner.  Substitution  of  this  value  of 
6  in  (2)  then  gives  the  value  of  the  minimum  group  path,  P'myn. 

3.  INVERSION  FOR  QP  LAYER 

3.1.  Basic  Technique 

In  earlier  work  of  backscatter  leading  edge  inversion,  the  QP  layer  model  has  been  em¬ 
ployed  by  Hatfield  (1970)  for  obtaining  the  critical  frequency,  wiih  the  other  two  para¬ 
meters  having  the  assumed  values,  and  by  Rao  (1974)  for  obtaining  ill  three  parameters 
from  three  data  poir:';s  on  the  leading  edge.  The  method  we  employ  here  is  a  modification 
of  that  by  Rao  (1974). 

The  modification  involves  the  minimization  of  the  following  sum-squared  error  function: 
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where  P^,  are  computed  minimum  group  paths  corresponding  to  fx  and  for  a  given  set  of 
values  of  n,  rm,  and  fc,  and  P!  are  the  actual  minimum  group  hath  values  from  the  lsad- 
ing  edge.  Fig.  2  dipict.s  the  strategy  graphically.  Assume  that  (fy  ,  Pyl  ,  (f2<  Pj)*  an^ 

( f 3 ,  P 3 )  are  the  points  we  have  chosen  from  the  backscatter  leading  edge.  We  start  the 
procedure  with  an  initial  set  of  layer  parameters,  which  are  denoted  by  (rb,  r  ,  fc)g. 
Corresponding  to  these  starting  parameters  is  a  unique  backscatter  lonogrsm  leading  edge 
trace  (P^  ( C ) 1 q -  We  note  that  the  error  function  E  is  simply  the  sum  of  the  squared  dis¬ 
tances  between  the  ordinates  of  the  { P ’  (f')g  curve  corresponding  to  the  frequencies  f., 
fj,  and  f.j.  and  the  chosen  backscattercionogram  minimum  group  paths  P’,  P',  and  PI.,  As 
rb'  rm'  an“  fo  are  varied  to  minimize  E,  we  see  that  we  are  effectively  fitting  the  P’  (f), 
curve  to  the  three  data  points  in  the  least-squared  error  sense.  If  the  data  points 
are  from  a  synthetic  curve,  computed  by  assuming  the  Q-P  model,  the  error  E  will  then  be 
zero. 


The  error  E  is  in  general  a  nonlinear  function  of  rb,  r  ,  and  f  and  an  iterative  method 
is  required  to  seek  its  minimum.  Numerical  minimization  tecnni^ues  are  available  which 
seek  a  local  minimum  for  a  given  starting  point  in  parameter  space.  The  nonlinear  minimi¬ 
zation  alogorithm  employed  in  this  study  is  described  by  Fletcher  and  Powell  (1963)  and 
was  adapted  for  use  with  our  computer.  The  Fletcher-Powell  method  perforins,  for  each 
iteration  step,  a  linear  minimization  along  a  direction  determined  by  the  current  gra¬ 
dient  and  an  updated  estimate  of  the  Hessian.  The  size  of  the  steps  taken  through  the 
parameter  space  as  the  minimum  is  sought  is  proportional  to  the  difference  between  the 
current  value  of  the  function  t;o  be  minimized  (E) ,  and  the  user-supplied  minimum  value, 
typically  taken  to  be  0.001  km  ,  and  inversely  proportional  to  the  current  magnitude  of 
the  function  gradient  (|vE|)..  In  this  manner,  rapid  convergence  is  assured.  The  minimi- 
.ation  procedure  is  terminated  when  tfie  function  value  has  not  changed  by  more  than  a 
user-specif ' ed  value  (EPS),  or  if  |ve|  has  become  less  than  EPS. 


3.2. 


Inversion  for  Three-Dimensional  Ionosphere 


Thus  far  we  have  discussed  the  procedure  for  the  inversion  of  three  data  points  on  a 
backscatter  leading  edge  to  Q-P  layer  parameters.  Since  each  point  on  the  leading  edge 
corresponds  to  a  different  ground  range,  it  is  obvious  that  the  three  points  must  be  cho¬ 
sen  fairly  close  together  if  horizontal  gradients  are  present.;  The  three  data  points 
must  corespond  to  three  ionospheric  propagation  paths  which  are  in  such  horizontal  proxi¬ 
mity  as  to  validate  tne  assumption  of  a  locally  horizontally  uniform  ionosphere.-  These 
considerations  give  rise  to  a  method  of  deriving  the  horizontal  ioniza.-ion  gradients  from 
the  leading  edge.  Three  closely  spaced  points  on  the  leading  edge  "just  above  the  criti¬ 
cal  frequency  at  the  backscatter  sounder  site  can  be  used  to  determine  the  layer  parame- 
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ters  of  the  ionosphere  at  a  range  which  is  in  close  proximity  to  the  site.  Next,  three 
closely  spaced  points  further  up  the  leading  ''dge  can  be  used  to  obtain  the  layer  para¬ 
meters  at  a  greater  range  than  that  corresponding  to  the  previous  set  of  data  points. 

In  obtaining  these  layer  parameters,  the  solution  for  the  first  set  of  three  data  points 
can  be  used  as  the  starting  solution.  A  repetition  of  this  process  continuously  along 
the  leading  edge  for  successive  sets  of  three  data  points  yields  the  layer  parameters  as 
a  function  of  distance  away  from  the  sounder  site.  When  the  leading  edges  are  available 
for  a  number  of  azimuthal  directions  away  from  the  sounder,  it  is  then  possible  to  ob¬ 
tain  a  three  dimensional  distribution  of  electron  density  made  up  of  locally  uniform  QP 
layers. 

3.3.  Example 

To  test  the  inversion  technique,  backscatter  leading  edges  are  generated  for  two  azi¬ 
muths  (330°  and  358°)  from  a  common  location  by  three-dimensional  ray  tracing  in  a  mid¬ 
latitude  ionospheric  model.  The  generated  minimum  group  path  values  versus  frequency 
are  shown  in  Table  1.  To  invert  these  leading  edge  data,  a  QP  layer  is  fitted  to  the 
actual  vertical  electron  density  profile  existing  above  the  common  (transmitter)  loca¬ 
tion.  By  using  these  QP  layer  parameters  as  the  starting  solution,  overlapping  sets 
of  three  data  points  along  the  leading  edge  are  inverted  for  QP  layer  parameters.  In 
inverting  a  given  set  other  than  the  first  one,  the  solution  found  for  the  previous  set 
is  used  as  the  starcing  solution.  For  each  set  of  data  inverted,  the  corresponding 
ground  range  is  computed  and  the  QP  layer  parameters  are  assigned  to  a  location  half 
that  distance  from  the  transmitter  and  along  the  pertinent  azimuth.  The  layer  parame¬ 
ters  and  the  corresponding  ranges  generated  in  this  manner  are  listc  -i  in  Tables  2  and  3 

To  compare  the  applicability  of  the  deduced  three-dimensional  ionosphere  by  inversion  of 
the  leading  edge  data  relative  to  that  of  t.ie  originally  assumed  three-dimensional  mo¬ 
del,  rays  are  now  traced  at  one  frequency  (16  MHz)  in  the  original  as  well  as  the  com¬ 
puted  ionospheres  for  an  azimuth  of  340°  (lying  between  330°  and  358°  corresponding  to 
the  inverted  backscatter  data)  and  for  several  elevation  angles  of  transmission.  For 
each  ray,  the  group  path  (P1),  the  ground  range  (R)  and  the  quantity  (P'-R)  are  compu¬ 
ted.  The  quantity  (P'-R)  is  shown  plotted  versus  P'  for  the  two  cases  in  Fig.,  3.  A 
comparison  of  the  two  curves  indicates  that  the  computed  ionosphere  gives  the  correct 
range  to  within  ±2  km  for  a  wide  range  of  group  pa  ih  values.  The  discrepancies  greater 
than  ±2  km  toward  the  low  end  of  the  curves  are  att  ‘ibutable  to  the  fact  that  the  region 
is  close  to  the  minimum  group  path  for  16  MHz,  whereas  the  discrepancies  greater  than 
t2  km  toward  the  high  end  of  the  curves  are  attributable  to  the  fact  that  the  region  is 
beyond  the  range  corresponding  to  the  inverted  backscatter  data. 

4.  THE  L'XTALLY  QUASI-PaRABOLIC  (LQP)  LAYER  WITH  HORIZONTAL  GRADIENTS 

To  extend  the  backscatter  leading  edge  inversion  technique  for  a  layer  with  horizontal 
gradients  in  electron  density,  we  now  consider  a  quasi-parabolic  layer  wish  its  para¬ 
meters  varying  in  a  specified  manner  with  distance  away  from  the  sounder  location. 

Thus  the  electron  density  distribution  is  given  by 


where  r  is  the  radial  distance  from  the  center  of  the  earth  and  8  is  the  angular  dis¬ 
placement  away  from  the  sounder  location.  Since  for  a  fixed  value  of  8,  eq. (6)  has  the 
form  of  an  ordinary  quasi-parabolic  layer  given  by  (1) ,  we  call  this  model  the  locally 
quasi-porabolic  (LQP)  layer  model. 

In  view  of  the  horizontal  gradients,  the  electron  density  distribution  is  no  longer 
spherically  symmetric  and  hence  the  ray  paih  parameters  cannot  be  obtained  in  closed 
form  as  in  Sec. 2.  It  is  necessary  to  resort  to  numerical  integration  of  the  ray  equa¬ 
tions.  These  ray  equations  are  usually  wiitten  in  a  form  referred  to  as  the  Haselgrove 
equations  (Haselgrove,  1957;  Yeh  and  Liu,  1972).  In  the  present  case,  however,  the  pro¬ 
blem  is  two  dimensional.  Furthermore,  neglecting  the  earth's  magnetic  field  and  follow¬ 
ing  the  notation  of  Yeh  and  Liu  (1972),  the  pertinent  ray  equations  may  be  written  as 


dr 

a 

r 

(7) 

dT 

n2 

d9  = 

!e_ 

(8) 

dT 

rn2 

da 

r 

1  3n 

+ 

„  de  _ 

°a  - 

1 3n  + 

V 

(9) 

dt 

n  3r 

6  dt 

n3r 

rn2 

dae 

1 

3n 

°8  dr 

1 

3n  °9ar 

(10) 

dr 

rn 

38 

r  dx 

rn 

38  rn2 

with 


— f' 


13-5 


n  =  phase  refractive  index 

■’  =  nk‘r 
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where  k  is  the  unit  vector  in  the  wave  normal  direction  and  dr  represents  the  differen¬ 
tial  element  of  phase  path..  Two  additional  equations  have  also  been  used  in  order  to  al¬ 
low  us  to  Keep  track  of  the  cumulative  group  and  phase  paths  as  the  ray  progresses.; 

These  additional  -‘quations  are: 

dP  =  x  (11), 

dt 


and 


dP1  1_  (12) 

dx  n: 

with  the  first  equation  representing  the  phase  path  and  the  second  equation  representing 
the  group  path.- 

The  set  of  initial  conditions  associated  witn  equations  (7)  through  (12)  is  based  upon 
the  assumption  that  there  is  a  free  space  region  (n=l)  between  the  surface  of  the  Earth 
(source  location)  and  the  base  of  the  ionosphere.  Thus,  the  initial  conditions  are:' 


r  -  6270  km  -  radius  of  Earth  (13) 
6  =0°  (selection  of  source  location  as  angular  reference)'  (14) 
c  -  s:n*,  (i0  =  intial  ray  elevation  angle),  (15) 
cg  =  cos  $4  (16) 
P  =  P'  =  0  (17) 


The  net  result  of  using  these  initial  conditions  in  connection  with  a  given  model  for 
the  phase  refractive  index,  n,  is  that  the  only  remaining  degree  of  freedcm  for  a  ray 
of  some  specified  frequency  is  provided  by  the  initial  elevation  angle  of  the  ray  U f ) 
and  consequently  the  value  of  group  path,  P1 ,  which  is  computed  when  the  ray  has  left 
the  source,  reflected  from  the  ionosphere,  and  returned  back  to  the  surface  of  the  Earth 
is  determined  by  $  .  Of  course,  certain  choices  of  (}>0  may  result  in  the  ray  penetrating 
the  ionosphere.;  Nevertheless,  for  those  values  of  ^  which  result  in  rays  returning  to 
the  surface  of  the  Earth  there  will  be  some  ,alue  of  <fs0  which  results  in  <\  minimum 
gioup  path.- 

5.-  INVERSION  FOR  THE  LQP  LAVER 

5.1.,  The  Ionostate  Vector 

The  technique  of  inversion  for  the  LQP  layer  is  similar  to  that  discussed  m  Sec.3.1.; 

We  however  need  to  assume  some  form  of  dependence  of  the  QP  layer  parameters  on  6.  The 
simplest  form  consists  of  a  nominal  value  which  is  given  by  the  value  of  the  parameter 
directly  above  the  source  (0=0)  plus  a  constant  gradient  in  the  0  direction  multiplied 
by  the  angular  displacement  away  trom  the  source  [e.g.,  r^tO)  =  rbQ  +  rb  .-  0]  Since 

there  are  three  parameters,  r,  ,  r  ,  and  f  ,  as  well  as  tnres  gradients  (one  in  each 
parameter),  there  is  then  a  totalm8f  six  pSrameters  needed  to  describe  the  LQP  model. 
These  six  parameters  may  be  considered  to  dei ine  a  basis  f o *  a  six  dimensional  space  in 
which  a  simultaneous  set  of  the  six  parameters  may  be  thought  of  as  constituting  a  vec¬ 
tor  which  we  may  define  as: 


S  -  [Sir  ?2»  Ssr  Sk,  Ss,  St 


with 


Si 

= 

c 

Xl 

U 

s2 

= 

r 

mo 

S3 

= 

f 

CO 

= 

drb/d0 

Ss 

= 

dr  /d0 
m 

s« 

= 

dfc/de 

We  shall  call  the  vector  (18)  the  "ionostate" 


(18) 


vector 


or  simply  the  ionostate. 
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Having  defined  the  ionostate,  the  problem,  stated  in  its  simplest  terms,  becomes  how  to 
determine  the  six  components  of  the  ionostate  in  some  optimum  sense.  The  criterion  which 
we  have  selected  is  essentially  the  same  that  given  by  (5) .  Thus  the  backscatter  leading 
edge  which  would  be  observed  if  the  ionosphere  were  LQP,  should  match  as  closely  as  pos¬ 
sible  the  backscatter  leading  edge  as  experimentally  measured  by  the  ionospheric  sounder 
operating  at  the  same  set  of  frequencies  and  observing  the  actual  ionosphere.  More  pre¬ 
cisely,  if  we  denote  the  set  of  sounding  frequencies  by  f.  (for  i-1  to  N)  and  denote  the 
measured  backscatter  leading  edge  by  P'(f.),  while  denoting  the  LQP  model  backscatter 
leading  edge  as  P'(£,f^),  the  problem  mayAbe  stated  as: 

Find  t  such  that 


*  .  N  A 

e*(£)  i  j|  £  IP'  (f^)-P'  (t,f^)  1 1  (19) 

i-1 

is  a  minimum. 

5.2.  Examples 

To  test  the  inversion  technique,  we  assumed  that  the  ionosphere  was  locally  quasi-para¬ 
bolic  and  was  completely  specified  by  the  ionostate,  to  where 

to  -  (Ci,  Ci,  £».  Co,  Ct.  C.) 

*  (6570  kia,  6720  km,  5  MHz,  0  km/rad,  0  km/rad,  2MHz/rad.] 

Based  upon  this  to>  we  then  computed  the  minimum  group  paths,  corresponding  to  a  back¬ 
scatter  ionogram  at  discrete  sounding  frequencies.  We  then  "estimated"  an  initial  iono¬ 
state  and  using  the  mean  squared  error  eJ ,  defined  in  equation  (19)  as  a  criterion  of 
optimality,  we  attempted  to  reconstruct  the  original  ionostate,  Co. 

As  an  example,  the  cases  illustrated  in  Figure  4  result  from  specifying  the  £*,  C),  Co, 
and  £»  components  of  £  as  "fixed",  thereby  reducing  the  problem  to  a  two  dimensional 
minimisation.  In  all  these  cases  the  fixed  components  were  set  to  their  correct  values 
(i.e.  the  values  of  the  corresponding  components  of  Co).  Using  three  different  sets  of 
starting  values  (marked  by  x's  in  Figure  4)  for  the  remaining  components  (Ci  and  Co), 
the  program  was  allowed  to  continue  in  an  iterative  manner  until  the  mean  squared  error 
became  Icms  than  1  km1.  The  underlined  numbers  in  this  figure  represent  the  mean  squared 
error,  and  the  dotted  curve  corresponds  roughly  to  the  contour  curve  along  which  the  mean 
squared  error  is  approximately  7.  A  somewhat  more  complete  set  of  contour  curves  is 
shown  in  Figure  5.  As  can  be  seen  in  comparing  Figures  4  and  5,  the  trajectory  of  the 
point  (Ci,  £t)  proceeds  primarily  along  the  direction  of  a  narrow  valley  in  the  mean 
squared  error  surface.  Figure  6  shows  a  similar  convergence  when  £2  and  £«  are  used  as 
variable  ionostate  components. 

6.  DISCUSSION  AND  CONCLUSION 

In  conclusion,  we  have  in  this  paper  discussed  techniques  of  inverting  the  leading  edge 
of  a  backscatter  ionogram  for  ionospheric  structure  and  illustrated  them  by  means  of  ex¬ 
amples  involving  synthetic  data.  The  inversion  for  locally  uniform  QP  layer  parameters 
when  used  with  successive  sets  of  three  data  points  along  the  leading  edges  for  various 
azimuths  from  the  backscatter  sounder  was  found  to  be  capable  of  providing  a  three  dimen¬ 
sional  distribution.  The  deduced  distribution  in  this  manner  was  found  to  yield  ground 
range  for  a  given  group  path  at  a  specified  frequency  to  within  ±2  km  of  the  value  cor¬ 
responding  to  the  originally  assumed  ionosphere  for  synthesizing  the  leading  edges. 

This  observation  holds  despite  the  fact  that  the  minimum  group  path  rays  all  reflect 
from  below  a  certain  apogee  height  and  hence  the  vertical  profiles  obtained  from  inver¬ 
sion  of  the  leading  edges  cannot  be  used  for  tracing  rays  reflecting  above  that  height. 

A  simple  explanation  for  the  success  of  the  technique  in  finding  the  range  for  a  given 
group  path  to  a  good  accuracy,  despite  the  above  mentioned  limitation  of  the  inversion 
technique  can  be  given  by  referring  to  Fig.  7  which  illustrates  the  fact  that  the  back¬ 
scatter  ionogram  is  a  continuum  of  oblique  ionograms  corresponding  to  successively  in¬ 
creasing  values  of  ground  range  away  from  the  transmitter.  Let  us  suppose  we  have 
found  the  range  corresponding  to  a  particular  point  A  (f.,  P,')  on  the  leading  edge. 

Then  a  point  B,  corresponding  to  the  same  group  path  as  Chat1of  A  but  to  a  frequency 
f-  <  f.,  corresponds  to  a  range  greater  than  that  of  A.  Alternatively,  it  corresponds 
to  a  range  corresponding  to  that  of  a  point  C  on  the  leading  edge,  lying  above  the  pc int 
A.  Hence  the  ray  of  frequency  f-  and  group  path  P(  reflects  below  the  apogee  height 
corresponding  to  the  point  C.  since  this  argument Ais  true  for  any  point  on  the  low-ray 
portions  of  the  oblique  ionograms,  it  follows  that  one  can  always  find  the  range  corres¬ 
ponding  to  such  a  point,  although  the  backscatter  leading  edge  is  not  capable  of  yield¬ 
ing  the  ionospheric  profile  above  the  apogee  heights  corresponding  to  the  minimum  group 
path  rays. 

The  inversion  for  LQP  layer  parameters  was  found  to  yield  results  which  are  in  good 
agreement  with  the  originally  assumed  parameters.  However,  the  convergence  cf  the 
solution  along  a  narrow  valley  in  the  mean  squared  error  surface,  as  shown  for  example 
in  Fig.  5,  indicates  that  it  is  important  to  start  the  inversion  process  with  a  good 


IM 


estimate  of  the  LOP  layer  parameters.  Such  an  estimate  can  be  obtained  by  first  in¬ 
verting  the  leading  edge  for  locally  uniform  layer  parameters  along  the  azimuths!  direc¬ 
tion  from  the  sounder  and  then  using  those  parameters  to  obtain  the  necessary  gradients. 
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Table  1.  Computed  minimum  group  path  data  for 
two  azimuths  from  a  common  location. 


,  MHz 

P*  .  .  Km, 
mm  ' 

for  azimuth  of 

330° 

356° 

10 

798.35 

805.04 

11 

8C4.79 

894.16 

12 

972.60 

984.53 

13 

1062.92 

1077.68 

14 

1155.56 

1173.13 

15 

1251.66 

1273.45 

16 

1349.12 

1376.13 

17 

1450.55 

1483.70 

18 

1535.25 

1396.70 

19 

1665.4., 

1714.96 

20 

1780.63 

1.7.9 


Table'  3  .•  Computed  QP  lu>or  parameter  values  an'1 
the  corresponding  ground  ranges  for 
J10D  azimuth 


Range ,  km 

f  ,  MHz 

vT 

rb,  km 

r  ,  km 
m 

327.56 

9.2406 

o556 . 4 

6676.2 

3  .  1 8 

9. 549  3 

6561.9 

6679.5 

4  31.21 

9. .334  4 

6561.2 

6679.1 

486.8 7 

9.2511 

6557.4 

6676.4 

b  3  ] .07 

9 . 7489 

6  56  5. 8 

6694.9 

577. <19 

10.0895 

6573.9 

6707.4 

b  32 . 2  1 

10.1063 

6574.6 

6708.0 

689 . 80 

10.0427 

6572.1 

b  705 . 8 

749.4' 

9.9592 

6568.2 

6702 .9 

Tub  It-  3. 

Kamo  as  Table 

2  except  for  758 ' 

az  imul 

Range ,  km 

f„<  Mltz 

rb.  km 

r  ,,  km 

37  1.28 

8.  7981 

6509.2 

6661.6 

414.73 

8.9054 

6519.1 

6680. 1 

461.30 

9.0253 

6526.2 

6681.9 

515. 7i 

8.9677 

6522.8 

6680.9 

568.43 

8.9757 

6523.2 

66  0 1  •  1 

619.54 

9.0693 

6529.0 

66f 2 . 8 

676.62 

9.0482 

6527.7 

6682.4 

732.96 

9.2278 

6528.4 

6690.8 

13-lb 
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C.S.  Goutelard.  Fr 

Cet  expose  est  tres  mteressant  ct  je  voudrais  faire  deux  commentair.s  1  out  il'abord  en  cc  qui  concerne  le  procede 
de  calcul.  il  n’apparait  pas  evident  que  le  ealcul  iteratif  converge  dans  tons  les  cas.  Nous  avons  etudie  ce  prooleme 
d’tnversion  par  des  methodes  sinulaires  a  celle  presentee  ici  et  nous  avom  tiaite  plusieurs  centaines  de  cas  sur  lesqueK 
on  a  pu  determiner  des  zones  ou  le  systeme  de  calcul  ne  converge  pas  De  plus,  certains  parametres  inlluent  peu  sur 
le  temps  de  localisation,  et  leur  determination  se  fait  avec  une  grande  imprecision  L'orateur  pourrait-il  preciser  s’d 
a  etudie  ces  points  et  donner  ces  conclusions. 

Le  second  point  porte  sur  ('utilisation  de  cette  methode  dans  des  svsteines  11  aurait  ete  mtiressant  d'etudier 
l’influence  de  la  precision  des  mesures  sur  la  precision  du  mode'e  dedmt  Ln  effet,  les  resuitats  presentes  i  artent  de 
donnees  theonques  ou  les  imprecision:;  des  mesures  n  apparaissent  pas  Nous  avons  constate  que  des  erreurs  meme 
faibles  sur  la  mesure  du  temps  de  focalisation  entrame  de  grandes  erreurs  sur  certains  parametres  du  modelc 
L’orateur  rourrait-il  commenter  1’influence  de  la  precision  des  mesures  sur  la  precision  du  model?  qu'il  construit'' 

Author's  Reply 

ln  our  study  we  have  chosen  the  initial  “lonostate"  re;-  .onably  close  to  the  true  ionostate  Ol  ten  cases  we  liave 
studied  fast  convergence  has  been  found.  Of  course,  one  can  imagine  cases  foi  a  Inch  the  initial  ionostate  may  be 
sufficiently  far  away  from  the  true  ionostate  so  the  the  , divergence  is  noi  achieved.  This  can  be  especially 
troublesome  when  working  with  real  data  liven  when  woiktng  with  synthesized  data  we  have  tound  that  the  level 
curves  of  the  emor  surface  can  form  very  long  narrow  valleys.  This  can  come  about  because  ol  the  compensating 
effects  between  two  or  more  components  of  the  ionostate  For  example,  an  mcease  in  critical  frequency  will 
reduce  the  group  delay  and  this  reduction  can  be  compensated  by  raising  the  ionospheric  lay  er  height  1  ven  though 
it  results  in  a  different  ionostate  when  used  to  predict  the  ground  distance  of  a  propagation  path  these  ditleren' 
ionostates  will  predict  ground  distances  that  do  not  deviate  very  much  as  shown  in  the  paper 


B.W.  Reinisch.  US 

Are  you  implying  mat  there  is  a  unique  solution  to  the  problem  and  does  your  iteration  procedure  converge  toward 
this  solution  when  you  have  more  than  2  unknown  parameters’’ 

Author’s  Reply 

Since  the  group  delay  is  a  non-linear  function  of  the  ionization  profile  the  ouestion  of  uniqueness  is  still  unanswered 
mathematically  at  pr-sent.  However,  lor  about  ten  cases  we  have  studied  the  convergence  is  rather  rapid  tor  up  <o 
4  parameters. 


14- 1 


THE  GEOMORPHOLOGY  OF  THE  HF  BREAKTHROUGH  PHENOMENON 


John  M.  Goodman 

Communication  Sciences  Division 
Naval  Research  Laboratory 
Washington,  D.  C.,  20375  USA 


SUMMARY 


The  phenomenon  of  HF  radio  “break tin ough"  to  the  topside  lonosphoie  is 
briefly  reviewed  with  emphasis  upon  that  information  about  the  ionospheiic 
personality  which  may  oe  deduced  from  satellite  measurements  of  HF  noise 
and/or  signals.  The  overall  effort  calls  loi  parameterization  of  the 
ionospheric  escape  cone  (iris)  in  terms  of  specified  ionospheiic  v.  '’.unions  as' 
represented  by  a  convenient  model  which  depicts  the  salient  geomoipho logical 
features.  Included  among  these  features  are  the  midlatitiude  trough,  the 
Appleton  anomaly,  and  the  day-.iight  terminator.  A  general  tluee-dimeiissonal 
raytrace  routine  is  utilized  to  demonstrate  selected  results.  A  case  is  made 
for  a  general  environmental  assessment  system  using  topside  data,  eithoi 
active  or  passive.  This  concept  is  especially  viable  for  the  totally 
uncooperative  link.  Problems  in  the  utilization  of  the  HF  breakthiough 
phenomenon  over  oceanic  areas  are  discussed  and  the  potential  of  acti 
topside  sounding  to  solve  the  Navy  problem  is  noted. 

1 .  INTRODUCTION 

The  phenomenon  of  high  frequency  (HF:j-30  MHz)  radiowave  "breakthiough" 
has  been  reported  by  a  number  of  experimenters  (Atkins  and  Chapman,  1963; 
Nelms,  1964;  Huguemn  and  Papagiannis,  19t>5)  and  various  propagation  factors 
pertaining  to  the  effect  have  been  discussed  by  several  workers  including 
Rawer,  (1967)  and  Maliphant,  (1967).  Currently  the  U.  S.  Air  Force  is 
operating  a  pass’ ve  ionospheric  monitor  experiment  on  board  the  DMSP-FJ 
satellite  which  utilizes  terrestrial  HF  noise  to  extract  estimates  of  toF2 
beneath  the  satellite  (Thompson,  197S).  and  preliminary  results  have  hern 
discussed  by  Rush  et  al,  (i978j,  Rush  and  Buchau,  (1977)  and  Rush  am:  Cremba, 
(1978)  . 

A  number  of  satellites  placed  in  orbits  above  the  nominal  F2  maximum  of 
ionization  have  included  experimental  packages  for  measurement  or  indication 
of  toe  breakthrough  of  terrestrial  high  frequency  radiation.  Generally,  the 
Lrcakthronqh  phenomenon  is  observed  at  frequencies  in  excess  ol  the 
sub-satellite  rot2.  There  is  some  indication,  however,  that  frequencies  below 
foF2  may  reach  a  satellite  via  various  irudvd  of  anomalous  propagation'  (Rush 
and  Ziembe,  1978;  Hagg  et  al,  1969).  This  anomalous  effect,  although 
interest,  is  not  detailed  he'ein.  Among  the  satellites  observing  HF 
breakthrough  ere  TRANSIT  2A,  RAE-1,  ARIEL  ill,  DMSP-12,  ane.  tiie  topside 
sounders  Alouette  I / I I  and  ISIS  2.  Other  satellite  HF  experiments,  including 
those  flown  on  TOPSI  and  ORBIS,  nave  also  provided  useful  information;  these 
experiments  nave  used  the  inverse  procedure  of  radiating  a  fixed  HF'  iiequency' 
which  was  monitored  by  a  ground  station. 

The  first  extensive  attempt  to  determine  the  sub-satellite  t‘oF2  r  i  om  HF 
noise  (passive)  measurements  was  made  by  Rush  and  Buchau,  (1977).  1S1S-2 
topsid.  ionograras  were  utilized  in  conjunction  with  an  AGO  voltage  read-out  to 
infer  increased  noise  levels  above  toF2.  The  authors  found  that  over  regions 
of  tne  earth  where  the  density  ot  HF  noise  sources  was  high  and  t he  ionosphere' 
did  not  possess  strong  gradients,  measurements  or  breakthiough  could  determine 
foF2  to  within  1  MHz  over  80?  ot  the  time.-  Over  regions  wheie'  there  were  few 
sources  of  terrestrial  noise,  the  procedure  was  unreliable  as  expecteu. 

Strong  gradients  also  lowered  the  confidence  of  the  results.  Recent  work  by 
Rush  and  uremba,  (1978)  indicated  that  passive  determination  of  foFJ  was  much 
more  accurate  than  a  model  determination  at  night;  during  i  lie  day  the  tussive 
technique  was  no  better  than  use  of  a  model.  Control  was  provided  hj 
comparison  with  gtound-based  icnosonde  at  Ottowa,  Canada.  The  poor  daytime’ 
accuracy  was  attributed,  at  least  in  part,  to  reduction  in  the  number  >t 
sources  caused  by  increased  daytime  absorption.  The  first  satellite 
experimental  package  designed  specifically  to  measure  foF2  using  HF 
breakthrough  was  the  passive  ionospheiic  monitor  (SEIP)  aboard  DMHP-FT, 
Altnougn  the  package  is  not  working  as  well  as  designed  due  to  possible 
coupling  problems,  there  is  some  potential  toi  extraction  ot  useful 
information  (Thompson  and  Patterson,  197*1)...  The  U._  J.  Aii  Force  has  also 
developed  a  plan  for  oroiting  an  active  topside  sounder  (Sdi)  m  its  t>MSP 
series  F8  through  Fit  (Vette  et  al,  1970)'  as  a  follow-up  to  the  SS  IP 
exper iments. 


I'ne  Naval  Research  Laboratory  is  developing  a  plan  foi  use  of  topside 
measurements  such  as  those  obtained  from  the  SSJ  and  SSIP  packages  about d 
pmsp.  Specific  interest  is  directed  towatd  development  of  operational 
scenarios  for  climatological  update  of  ionospheric  paiamenters  over  oceanic 
areas  for  use  in  HP  communication  assessment  and  possible  improvement  in  the 
allocation  of  signal  intercept  resources..  Other  benefits  which  might  accrue 
from  an  active  topside  sounder  program  include  oceanic  measurements  of  topside 
spread-F  which  is  at  least  circumstantially  related  to  satellite  scintillation 
effects.  Thus  an  operational  topside  sounder  program  would  a<d  in  the 
selection  of  the  proper  mix  of  HP  and  SATCOM  resources  for  achieving 
connectivity  between  the  major  Communication  Area  Master  Station  (CAMS)  and 
otheL  Naval  Communication  Stations  (NAVCOMSTAS)  and  the  Fleet.,  In  the  ptocess 
of  analyzing  the  possible  uses  ot  topside  data  to  assist  m  various  Naval 
mission  aieas,  it  was  necessary  to  examine  the  HF  breakthrough  phenomenon .. 

The  present  paper  describes  some  preliminary  work  on  this  topic. 

A  central  purpose  of  this  paper  is  to  examine  the  potential  fot  N-"al 
force  utilization  of  HF  noise  monitoring  equipment  in  spaced  aft.  The  issues 
in  HF  link  assessment/prediction  for  the  Navy  context  may  be  considered  to  be 
contained  within  three  requirements.  First,  there  is  the  requirement  for 
connectivity  notween  communication  stations  and  various  fleet  assets  ovt 
oceanic  areas  (doubly  cooperative  links)..  In  this  case  both  ends  or  the  linx 
are  known,  can  be  controlled,  and  both  may  have  acess  to  envi romentai  data 
directly.  These  links  are  most  amenable  to  adaptive  system  design.,  secondly, 
there  is  the  requirement  for  link  vulnerability  analysis  from  a  fixed  < known) 
terminal  to  arbitrary  (unspecified)  terminals  covering  a  wide  range  of 
azimuths  and  path  links  (singly-coopera*- i  ve) Finally,  there  is  the  possible 
requirement  for  assessment  over  completely  arbitrary  links  (uncooperative). 

In  this  case  the  teiminals  are  unspecified  a  prion  Figure  1  1 llusti ales  the 
degree  of  compet 1 t i veness  of  forcasting  systems  and  quasi-adapti ve  systems  as 
a  function  of  the  degiee  of  link  cooperativeness.-  It  is  cleai  that  doubly 
cooperaive  links  require  the  least  quantity'  of  env it  omental  data  input  and  the 
uncooperative  link  lequires  the  most.- 

2. -  PI  AN  OF  ATTACK 

The  pieliminary  effort  undertaken,  and  reported  herein,  relies  pi  no  inly 
upon  the  utilization  of  a  three-dimensional  raytrace  piogram  in  conjunction 
with  a  reasonable  ionospheric  model  which  includes  all  of  the  usual 
macroscopic  features  r"  the  geomoi phology .-  Such  a  capability  lias  been 
piovided  to  us  courtesy  of  Thomason  et  al,  (1979)'.  The  tayttace  piogtzm  was 
developed  by  Jones  and  Stephenson,  (1975)  and  the  global  ionospheric  model  was 
developed  jointly  between  NRL  and  the  Institute  foi  Telecommunicati an  Sciences 
(I^S)  at  Bouidei ,  Colorado.  Additional  woi k  was  earned  out  using  a  code 
developed  at  NRL  for  analysis  of  high  altitude  nucleai  effects  i"V>n  tudio 
waves  (Mead  and  Wagner,  1971). 

The  plan  of  attack  was  to  chaiacteiize  the  ionospheiic'  "ms”  as  a 
function  of  solar  activity  (i.e.,  sunspot  number,  SSN) ,  magnetic  activity 
U.e.,  planetary  K-index,  Kp) ,  season,  latitude,  longitude,  time  of  da* , 
transmission  fiequency  and  mode  of  propagation  (i.e.,  0  oi  \)  .-  The 
character i zation  parameters  include  contours  of  fixed  launch  el.-va'ion  through 
the  "ms"  projected  to  the  satellite  height  and  the  displacement  of  the 
centroid  of  the  iris  contours  with  respect  to  the  zenithal  : ay  as  well  as  the 
zenith  itself.  A  complete  treatment  would  also  include  annotation  of  13  and  E 
region  absorption  fot  each  iris  chat actei i zat ion . 

To  accom.pl<sn  the  goals  of  this  study,  it  is  clearly  required  to  testrict 
the  range  of  values  assumed  for  each  variable.  Even  so.,  a  considerable  amount 
of  computer  time  is  needed  if  the  ins  is  to  be  cnaracter  1  zed  fully.  To 
remedy  this  situation  it  was  decided  to  piobe  the  matrix  of  variables  using 
only  a  single  ray  which  might  be  ind'cative  of  situations  for  which  mote 
detailed  calculations  wojld  be  warranted.  The  ray  selected  was  the  zenithal 
■•ay  (i.e.,  ^  =  0°)  which  "ran"  the  fastest  on  the  NRL  advanced  scientific, 
computer,.-  The  minimum  output  data  required  from  each  raytrace  was  do -n-range 
displacement  from  the  position  of  ray  launch,  the  bearing  (azimuth)  ot  the 
ray,  and  the  absorption  level.  The  down-nnge  ray  displacement  and  its 
direction  are  indicative  of  the  magnitude  and  direction  of  any  horizontal 
gradients  which  affect  the  ray.  The  importance  of  the  absorption  ,a  obvious.; 
As  of  this  writing  this  prescription  has  not  been  fully  realized, 

3.  THE  IONOSPHERIC  IRIS 

Using  Snell's  law,  it  may  be  shown  that  terrestrial  souices  of  ilF’  noise 
or  transmission  will  be  "blocked"  from  reaching  above  the  height  ot  the  F2 
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maximum  for  lays  having  zenith  angles  greater  than  some  angle  Q0.  This 
blocking  effect  is  essentially  limited  to  a  cone  cf  rays  (or  "iris")  in  which 
the  half-angle  Q0  is  f 


where  fp  is  .:he  local  overhead  foF2  (to  a  good  approximation)  and  1  is  the 
transmitted  frequency.  This  expression  assumes  no  anisotropy  and  a  plane 
stratified  ionosphere.  Note  that  Oc  defines  an  angle  which  increases  as  f 
approaches  fp  from  above.  For  f  a  fp,  0O  is  undefined  and  total 
reflection  occurs  below  foF2.  Thus  Frequencies  just  slightly  above  the  local 
plasma  frequency  will  penetrate  the  F  region  but  will  be  largely  zenithal,.  As 
f  increases  substantially  above  the  local  overhead  value  of  foF2,  80 
increases  to  such  as  extent  that  localization  of  the  terrestrial  source  of 
transmissions  is  severely  limited.  The  best  localization  is  obviously 
obtained  where  f  is  just  sliqhtly  in  excess  of  foF2.  Table  I  indicates  how 
90  varies  with  fp/f.  Also  tabulated  is  300  tan  0O  (i.e.  R300)  which 
is  the  horizontal  projection  of  t he  radius  of  t he  escape  cone  or  u  is  at  an 
altitude  of  300  kilometers.  Even  in  this  first  older  treatment  R300  is  an 
underestimate  due  tc  ea.fh  curvature. 


TABLE  I 

fp/f 

60  (degrees) 

k300 

.999 

2.56 

13 

.995 

5.73 

30 

.99 

8.11 

43 

.95 

18.19 

99 

.90 

25.84 

145 

.85 

31.79 

186 

.80 

36.85 

225 

.75 

41.41 

264 

.70 

45.57 

306 

.65 

49.46 

351 

.60 

53.13 

400 

.55 

56.63 

455 

.50 

60.0 

520 

The  reader  will  note  that  Maliphant.  (1967)  has  ueveloped  some  useful 
nomograms  for  deducing  the  path  of  the  rays  which  emerge  fioin  the  ionosphere 
assuming  spherical  stratification,  in  this  procedure,  Maliphant  uses  of  fixed 
chapman-like  electron  density  profile  shape  and  the  ionospheric'  parameters 
which  may  be  varied  are  hF2  arid  fpF2.  It  is  deemed  to  be  a  good  tool  foi 
testing  absurdities  which  may  "crop-up"  in  raytracing  using  realist ic'  iroiels . 

Figure  2  illustrates  the  geometrical  extent  of  the  lonorphci ic  ins 
at  300  kilometers  and  at  a  satellite  height  cf  834  kilometets  assuming  a 
sub-satellite  plasma  frequency  ot  6.2  MHz  ,,nd  a  transmission  (noise)  frequency 
of  10  MHz.  In  any  operational  system  using  HF  breaktlnough  as  an  indication 
of  the  plasma  frequency  fp  of  the  ionosphere,  it  is  obvious  that  one  must 
determine  the  greatest  lower  bound  of  noise  breakthrough  as  accurately  as 
possible.  This  restricts  the  leakage  of  unwanted  noise  by  virtue  of  ms 
restriction  as  well  as  gives  the  more  appropriate  estimate  of  fp. 

Situations  such  as  those  illustrated  in  Figure  2  are  probably  unacceptable.; 
Taking  10  MHz  as  a  reference  frequency  and  following  a  typical  DMSP  01  bit 
occurring  during  March  at  1800  GMT,  for  a  sunspot  number  of  100,  we  may 
construct  the  variation  of  the  ionospheric  iris  along  the  tiack.-  The  COIN 
global  atlas  is  utilized  (1566).  Results  for  every  5  minutes  of  satc'lite 
position  are  exhibited  in  Figure  3  assuming  first  ordei  definition  of  the  11  is 
indicated  by  equation  i.  Notice  that  the  iris  disappears  at  certain 
equatorial  positions;  at  these  points  the  plasma  frequency  is  m  excess  of  10 
MHz  and  noise  penetration  is  disallowed. 

4.  IONOSPHERIC  MODEL  AND  KAYTRACING  CALCULATIONS 

Having  examined  the  first-order  approaches  to  the  determination  of 
iris  dimensions,  it  was  deemed  necessary  to  examine  the  distortions  in  the 
iris  shape  using  more  detailed  ionospheric  models  and  3  dimensional  laytracing. 

The  ionospheric  model  employed  in  this  study  is  based  upon  the  wot k 
of  Thomason  at  al,  (19)5).  Suffice  it  to  say  that  it  contains  all  of  the 
usual  macroscopic  geomorphology  of  the  ionosphere  (D-region,  E-region,  E-F2 
valley,  ’’1  region,  F2  region,  topside).  The  topside  description  is  a  modified 
version  of  that  developed  by  Bent,  (1975).  The  F2  region  critical  frequencies 
provided  by  the  ITS-78  "BLUE  DECK"  version  (Jones  and  Obitts,  1970)  of  the 


basic  program  described  by  Bargh.-caen  et  ,x  ( i 969}  are  used  but  have  been 
modified  as  appropriate  through  encorporation  of  certain  polat  corrections 
based  upon  magnetic  activity  (Hiller  and  Gibbs,  1975).  The  ray-racing  routin' 
is  due  to  Janes  and  Stephenson  '.1975? . 

Figure  4  is  ,»  ^lot  of  the  plasma  frequency  contours  lot  Match  1100 
uMi*  between  the  eouator  along  the  69°  W  Metidian,  througli  the  pole,  and  on 
to  the  opposite  equatoi  along  the  111°  E  meridian.  A  sunspot  number  of  70 
is  assumed  along  with  a  Kp  value  of  3.  Tne  left-hand-si Je  cf  the  map  refeis 
to  the  dawn  meridian  and  the  right-hand-side  refers  to  dusk,  Figuies  5A  and 
5B  are  raytracings,  from  the  origin  of  Figure  4  assuming  f  »  i0  MHz  and 
initial  launch  azimuths  (A?.)  of  0°  (North)  and  270°  (West)  respectively. 

Notice  that  the  initial  breakthrough  occurs  foi  an  elevation  neat  30°  in 
each  instance,  provided  we  ignore  the  breakthrough  due  the  "phantom"  source 
down-range  for  the  A2  »  270°  case.  Notice  also  that  the  90u  elevation 
rays  in  both  cases  are  displaced  down-range.  We  find  tnat  tnese  df.-> placements 
amount  to  14.3  kilometers  in  range  at  a  beating  measured  cour.tei -clockwise 
from  North  at  ~  59°.  This  implies  an  electron  density  gtadient  above  the 
transmitter  unacted  toward  t..e  ESE  (specif:  AZ  “■  121°jv  This,  is  in  general 
agreement  with  other  model  represents!  ons  including  CCIR  tor  the  uame 
•onditior.s,  The  absorption  for  the  zenithal  ray  is  found  t<;  be  l..lo  da. 

Figure  (■  is  similar  to  figure  4  but  fo:  GMT  =  050.1.  Thus  it 
constitutes  a  representation  of  ray  trajecto*  es  along  Hie  mi dnigh" dduy 
meridian.  Notice  that  the  gradient  at  the  or  gin  Ji,e.,  the  geograpb.c' 
equator  <st  midnight)  is  toward  the  south.  We  have  no  E-W  set  of  contour  s  to 
determine  if  tr>eie  is  an  additional  2onul  gi.-.ient  but  w»  shall  see  tto.-i  tnc 
companion  layUannga  that  it  is  negligible.  Figura-i  7A  and  7B  show  t'’at  the 
initial  break  througli  is  at  a  much  higher  elevation  tr-an  in  the  forme  t  test, 
here  being  -  60°  foi  A2  »  0°  and  -  b5°  tot  A7  -  270°.  This  is  because 
of  the  higher  overhead  plasma  frequency  leading  to  a  omallet  value  ot  «0  - 
cos-1  fn/f  since  t  is  fixed  at  10  MHz'.  The  zenithal  ray  is  bent  towai d' 
the  north  by  43  ki'ometcis  as  seckoned  at  i-n  altitude  of  840  kilometeis,  Thin 
the  90°  elevation  ray  exhibit:?  a  toiwaid  tilt  foi  AZ  =  0°  but  "appeals'  to 
be  unrefracted  for  A2  =  270°.  The  absorption  fot  the  zeni-;t:ai  jay  is  o.45 
dE  in  this  cas2« 

Figures  H  and  9  are  contours  ot  nr  breakthrough  m  a  > ang»— azimuth 
format  with  elevation  angle  as  paiametei  fot  noth  tne  ordinal y  oi.d 
extraordinary  rays  respectively.  The  calculations  were  for  a  sunspot  .-iinbei 
of  0  and  a  sp  j  3,  The  local  time  is  noon,  the  Sionth  is  Match,  aid  tiv  i.tys 
ate  launched  from  a  point  located  at  75°  W,  20°  N,  Tenet: at  ion  is  .io.->t 
clearly  favored  toward  the  North  and  refractive  effects  eie  5i:gh"ly  .sou- 
evident  tor  me  extraordinary  ;ay  than  for  t'»e  ordinary  tay.: 

5.  FUTURE  PLANS 

As  indicated  in  section  2.0  it  ;s  planned  to  modify  the  existing 
software  so  that  zenithal  ray  characteristics  may  be  computed  e-i  a  linoti.m  ,ot 
otue'  variables  on  a  single  submission,  Fiesently  the  progiam  only  allows  :oi 
iteration  of  elevation  angle  at  a  fixed  ben  ng  with  all  i-thei  paramo'  em 
fixed.  Thus  many  computer  runs  nie  necessary  to  characterize  the  j  >r.>s,nhet  i.' 
iris  with  a  substantial  increase  m  cost  a. id  turn-around  time.  As  oi  ibis' 
writing,  such  modifications  hove  not  yet  been  debugged,  Once  we  have 
charact »rize-d  the  zenithal  chaiactenstics  of  the  nis  ss  i  functJ.-n  -u 
sunspot  number ,  magnetic  Kp,  monto,  time  ot  day,  geography,  :id  mode'  oi 
propagation,  specific  cases  will  be  run  at  a  f-.il  set  of  azimuth  and  elevativ- 
anqles. 

. ince  there  it  a  potential  need  to  assess  tne  env i : on.nent  ovei 
oceanic  areas,  especially  for  the  uncooperative  l»nk,  NRL  hjs  boon  exnmnung 
various  system  approaches  to  the  problem.  Figure  10  gives  the  classical 
picture  of  a  forecasting  system  based  either  upon  pr.ysieal  or  cl  tautological 
models,  NT.L  and  NOSC  have  been  working  on  a  system  of  this  type  for  UK 
ftequency  management  based  in  part  upon  SOLRAP  HI  1-fi  *  solar  x-ray  data  which 
is  a  aeterminant  for  SID  modifications  of  the  LUF.  Howevei  ;t  is  a  difficult 
task  at  this  time  to  deduce  the  MUF  (or  the  FOT)  from  fust  pnnn.pl.  .,,  a:io‘ 
climatological  models  3re  relatively  unsatisfactory  for  thts  purpose 
especially  over  oceanic  areas.  Figure  11  is  a  cartoon  which  depicts  the 
generic  system  which  would  be  envisioned  to  solve  the  problem  at  hand.  This 
system  would  employ  empirical  medals  and  extrapolation  algorithms  dtivvn  by 
real-time  inputs  from  both  ground-based  and  satellite  data.  However  the  ype 
of  inputs  to  the  real-time  assessment  system  are  viewed  to  be  mom  duvtly 
related  tc  the  plasma  density  which  is  the  impoitant  parametei .  It  is 
emphasized  that  Navy  needs  imply  that  strong  emphasis  must  be  pi. ced  upon 
topside  lonosonde  as  tne  primary  sensot  with  (passive)  HF  biejKti.tougii 
receivers  serving  as  a  backup.  Also  note  that  the  prediction  zy.--.ten  inhibited 
in  Figure  10  su:  faces  as  a  ie fault  system  in  Figute  11. 
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Field  of  View  and  Iris  Projected  on 
Earth’  ,  Surface  From  500  NMI 


Pro  <cct  ion  o  t  the  tiold  ot  view  ot  a  satellite 
oibitini,  at  8  M  km  .aid  the  extent  ot  the  1 1  rst -old  .•) 
ionospheric'  iivs  at  iOO  km  and  ,t  the  satellite 
ho  niht . 
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H  =  834  km 


Piojection  of  individual  first-order  ionospheric 
irises  i'or  a  DMST  orbit  occurring  durnnj  tiie  month 
of  March  at  1000  GMT.  The  sunspot  number  ) »  taken 
to  be  1 00  and  ''p  -  3.  The  CC1K  model  (l'U>b)  is 
used  in  these  culculat ions .  Much  tick  mask  is 
separated  tioin  its  neighbor  by  *>  minutes.  The  ins 
distortion  at  hi-jh  latitudes  is  a  tesult  of  the 
projection  used. 
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Fig.  9.  Contours  of  HF  breakthrough  in  a  Range-Azimuth 

format  with  elevation  angie  as  parameter.  Extraordinary 
ray.  Range  is  lira  ar  on  the  plot,  being  r>00  kilometers 
from  the  origin  to  the  top  (bottom)  border,  and  lr'0 
kilometers  from  the  origin  to  the  right-hand 
(left-hand)  side  border. 
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DISCUSSION 


Comment  by  B.W.  Rcinisch.  US 

\ou  mentioned  ti'.it  a  network  ot  grouinPascd  stations  would  supply  the  requited  udormatiou  In  principle  I  agree, 
but  a  topside  lonosonde  will  .give  inlormation  on  the  topside  st met ure  related  to  the  tueunai.ee  ot  semtill  Hum  We 
are  presently  de\ eloping,  together  with  RCA.  a  satellite  horn  digisomle  Hy  means  ot  Dt.pplei  measiirenien's  we  will 
obtain  some  indication  ot  the  direction  of  the  I  CHO  motion  and  thus  on  the  hor./ontal  gradients  o!  the  topside 
unit  sphere 

Author’s  Comment 

1  agree  with  \ou  on  your  remark  By  means  n|  the  final  figure  I  snowed.  I  was  indieatuig  that  it  wtuild  be  possible 
to  incorporate  a  wide  Miige  of  emiionniental  sensoie  to  assist  m  solution  ot  the  Navy  problem,  that  is  obtaining 
adequate  real-time  updated  assessments  o'  the  Ilf  links  o\ei  oceanic  areas  especially  tor  the  totally  uncoopei.it  ive 
situation.  In  mcw  ot  the  paper  authored  In  Paul  and  Wright  and  presented  In  i)i  Rush  at  this  session'  I  suggested 
that  bottomside  sounders  of  the  advanced  ty  pe  proposed  In  those  authors  tpiovnled  they  are  optunalb  spaced! 
might  be  a  partial  solution  it  they  were  folded  into  a  total  system  I  didn't  mean  to  suggest  that  the  bottomside 
sound-r  approach  would  sobe  the  problem  In  it  sell  Indeed  !  was  attempting  to  point  out  in  im  paper  'hat  topside 
data  obtained  either  actively  oi  passtvelv  using  the  HI-  breakthrough  phenomenon  would  likely  provide  the  best 
and  most  .Kcurati  coverage  toi  the  Navy  I  concur  that  scintillation  assessment  is  another  feature  that  may  ill 
principle  be  addressed  In  the  topside  sounder  approach  and  we  are  interested  in  this  ourselves  lo  the  extent  that 
topside  spread-1  is  rela'ed  to  scintillation  phenomenon,  a  eombtt  od  Ilf  and  SATCOM  link  assessment  system  on  .> 
single  platlorm  would  cv'uitm  have  a  gread  deal  of  charm.  Also  ihe  Doppler  capability  provided  by  the  satellite 
borne  digisomle  vou  ate  pi  inning  should  be  quite  ii'Olul  operationally  and  scicntificallv 


Comment  by  Prof  Shearman.  UR 

file  speaker  lias  ret  cried  to  the  lulficultv  in  u.-eng  the  111'  breakthiough  phenomenon  in  sea  areas  wheie  there  is  a 
paucity  ot  transmitters 

l!  should  be  possible  to  use  a  tiansm.tter  on  land  to  •liununatc  a  sea  aiea  bv  (lie  conventional  oblique  lonosphere- 
reflected  Hop  mode.  1  neigy  scaticreu  m  a  near-vertical  direction  fiom  Ihe  sea  .siirtaee'  and  peiutrating  Hr 
ionosphere  through  the  transpatent  “ui-“  should  then  be  detectable  in  a  satellite  v et tic'allx  oveihoad  Piop.ig.it ion  bv 
this  mode',  but  in  the  satellite-ground  direction  was  identified  b  Japanese  workers  in  Popple:  observations  ot  the 
earliest  USSR  Sputniks 

Author's  Reply 

A  our  suggestion  is  an  u. (cresting  one  but  I  am  not  tumih.u  with  c.ulv  work  you  have  eded  One  ol  the  difficulties 
I  see  in  the  proposition  '  that  substantial  transmitter  povvei  might  be  nccossjtv  to  cover  the  vast  ocean  areas  Also. 
fhe  extent  ot  "side  scatter"  dneeted  toward  tin-  satellite  would  be  dependent  upon  the  sea  state  I  suspect  as  a 
resii’-t  that  verv  unusual  circumstances  would  have  to  obtain  tor  the  concept  to  be  viable,  s.iv  operation.illv  I  must 
admit,  however,  that  mv  •  ounter-aigimient  is  only  heupstic  and  not  tigoiousN  .-<\i'ot'.ed 
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COUPLING  BETWEEN  THE  NEUTRAL  AND  IONIZED 
UPPER  ATMOSPHERE  DURING  DISTURBED  CONDITIONS 


G.  W,  Prolss 

Institut  fiir  Astrophysik  und  extra terrestrische  Forschung 
Auf  dem  Huge!  71,  0  5300  Bonn,  F.R.  Germany 


SUMMARY 

Using  neutral  composition  data  obtained  by  the  ESRO  4  satellite  and  ioiosoneric  data  obtained  from 
ground-based  stations  the  storm-time  interaction  of  the  neutral  and  ionize!  upper  atmosphere  is  reviewed. 
First  we  show  that  a  close  coupling  exists  hetween  magnetic  storm  associated  changes  m  the  O/N^  der.sit/ 
ratio  and  corresponding  changes  in  the  critical  frequency  of  the  FZ  layer  indicating  that  negative  iono¬ 
spheric  storms  are  caused  by  changes  in  the  neutral  composition.:  This  experimental  evidence  is  supported  by 
a  model  calculation  which  demonstrates  that  the  measured  disturbance  of  the  O/Np  density  ratio  is  indeed 
sufficient  to  explain  the  observed  reduction  in  ionospheric  pla'ma  density.  These  data  also  show  that  po¬ 
sitive  storm  effects  are  generated  by  a  different  disturbance  mechanism.  Given  the  close  coupling  between 
neutral  atmospheric  and  negative  ionospheric  perturbations  both  phenomena  have  certain  features  in  common.. 
These  include  their  variation  with  the  intensity  of  the  disturbance,  their  dependence  on  magnetic  position, 
their  variation  with  local  time,  and  their  variation  with  season.  Presently  available  models  of  the  neutral 
atmosphere  are  not  yet  sophisticated  enough  to  reproduce  these  disturbance  variations  and  are  therefore  of 
little  use  for  modeling  ionospheric  storm  effects. 

1..  INTRODUCTION 

It  is  well  known  that  communication  circuits  involving  radio  propagation  through  the  ionosphere  are 
materially  affected  during  magnetic  storms.  Although  this  was  discovered  more  than  fifty  years  ago  (Ander¬ 
son,  1928)  little  progress  has  been  made  in  modeling  this  important  effect.:  The  reasons  for  this  are  two¬ 
fold,  First  of  all  our  knowledge  of  the  physical  mechanisms  responsible  foi  ionospheric  disturbances  has 
been  rather  incomolete.  And  secondly  the  high  degree  of  irregularity  exhibited  by  these  disturbance  phenom¬ 
ena  tended  to  mask  any  systematic  variations. 

Recently  a  number  of  sate’ 1 ite-born  gas  analyzers  (neutral  mass  spectrometers)  have  provided  extensive 
information  on  the  neutral  composition  o'  the  upper  atmosphere.  These  data  allowed  for  the  f’rst  time  a  de 
tailed  study  of  magnetic  storm  associated  changes  in  the  neutral  composition  and  their  relation  to  iono¬ 
spheric  disturbance  effects.  As  a  result  significait  progress  has  been  made  in  our  understanding  of  both 
phenomena.  It  is  the  purpose  of  the  present  connunication  to  summarize  some  of  the  findings  obtained  in 
these  studies  which  are  important  for  modeling  ionospheric  disturbance  effects.  First  we  show  that  negative 
ionospheric  storms  at  middle  and  high  latitudes  are  caused  by  cianaes  m  the  neutral  composition  of  the  up¬ 
per  atmosphere  (section  2).  This  section  also  presents  evidence  that  positive  storm  effects  are  qenerated 
by  a  different  mechanism.  The  second  part  of  this  paper  describes  some  systematic  var-'ations  which  are  com¬ 
mon  to  both  neutral  atmosphere  and  negative  ionosphenc  disturbance  everts  (section  3).  The  progress  made 
in  modeling  these  disturbance  effects  is  reviewed  in  the  final  part  of  this  paper  (section  4). 

2.  STORM-TIME  COUPLING  BETWEEN  F2- LAYER  PLASMA  DENSITY  AND  NEUTRAL  COMPOSITION 

Theoretical  studies  (e.g.  Cole,  1975;  Rees,  1975)  anc  recent  observations  (e.g.  Banks,  1977 Brekke 
and  Rino,  19/8;  Murphree  and  Anger,  1978)  clearly  demonstrate  that  magnetosoneiic  storms  deposit  a  large 
amount  of  energy  in  the  high  latitude  region  of  the  upper  atmosphere.  This  energy  -ejection  leads  to  the 
development  of  disturbance  zones  in  the  neutral  composition,  as  indicated  schematically  in  Fig.  1  .  Using 
gas  analyzer  data  from  polar-orbiting  satellites  the  properties  of  these  perturbations  have  recently  been 
studied  in  some  detail  (e.g.  Taeusch  et  al . ,  1971;  Prolss  and  Fricke,  1976,  Hedin  et  al . ,  1977c j .  Their  bas¬ 
ic  latitudinal  'tructure  is  illustrated  in  Fig.  2  using  data  obtained  at  about  9  LT  over  the  North  American 
continent  during  the  strong  geomagnetic  storm  of  29  October  1973.  Magnetic  storm  induced  changes  in  molecu¬ 
lar  nitrogen,  atomic  oxyqen,  helium  and  argon  are  plotted.  Also  shown  for  comparison  is  the  latitudinal 
structure  cf  the  total  mass  density  and  of  the  molecular  nitronen  to  atomic  oxygen  concentration  ratio.  The 
departures  from  quiet-time  conditions  are  presented  in  the  form  of  »-elative  changes.  Thus  R(n)  is  defined 
as  the  actually  observed  value  of  a  density  or  parameter  n  divided  by  the  corresponding  quiet-time  value; 
and  R(n)  =  1  serves  as  a  reference,  meaning  no  change  with  respect  tc  quiet  times,  Fo>~  further  details  or 
the  form  of  data  presentation  see  Prolss  and  Fricke  (1976). 

Prominent  among  the  features  illustrated  in  Fig.  2  is  the  well-defined  disturbance  'e  in  the  neutral 
composition  extending  from  high  to  middle  latitudes.  This  disturbance  zone  is  characterised  by  a  large  in¬ 
crease  in  argon,  a  smaller  but  still  considerable  increase  in  molecular  nitroqen,  and  a  Significant  decrease 
in  helium.  Atomic  oxygen,  which  is  the  major  constituent  in  the  heiaht  range  considered,  shows  a  complex 
behavior  with  both  moderate  increases  and  decreases  observed.  Decreases  are  seen  primarily  at  lower  altitudes 
and  increases  at  greater  heights,  indicating  a  height  dependent  behavio>-.  Outside  the  well-defined  higher 
latitude  disturbance  zone  the  perturbation  effects  are  less  conspicuous.  Thus  at  low  latitudes  th-*  geomag¬ 
netic  activity  effect  consists  of  a  moderate  enhancement  in  all  four  constituents, 

The  lower  part  of  Fig.  2  demonstrates  that  the  molecular  nitrogen  to  atomic  oxygen  density  ratio  is 
well-suited  to  study  the  latitudinal  structure  of  an  atmospheric  distyroance.  Whereas  inside  the  disturbance 
zone  this  parameter  shows  a  definite  increase,  indicating  both  the  sxtent  and  magnitude  of  the  composition 
disturbance,  the  lower  latitude  regime  is  characterized  by  a  lack  c*  change  in  this  ratio.  Additional  ad¬ 
vantages  of  this  parameter  are  its  large-scale  heiqnt,  which  makes  it  less  sensitive  to  changes  in  obser¬ 
vation  height,  and  its  close  connection  to  ionospheric  perturbation  effects.  On  the  other  hand,  the  total 
mass  density  p  also  shown  in  Fig.  ?  is  certainly  ill-suited  tc  study  the  disturbance  morphology, 

fhe  measured  changes  in  the  neutral  composition  and  specifically  those  in  the  atomic  oxygen  i/  mole¬ 
cular  nitrogen  (Q/N-)  ratio  are  expected  to  materially  affect  the  ionosphrtc  plasma  density  and  this  is 
indeed  observed.  Figure  3  shows  a  comparison  between  the  day- •.-.-day  variation  of  the  atomic  oxygen  tc  mole¬ 
cular  nitrogen  ratio  and  that  of  the  maximum  electron  den,=  tv  in  the  r1  layer.  Plotted  are  data  from  six 


mid-latitude  stations  during  a  mne-day  interval  in  February  1973.  Hermanus  (HE)  is  located  in  South  Africa, 
Salisbury  (SR),  Tow"sville  (TV),  and  Brisbane  ( BR )  in  Australia,  and  port  Stanley  (PS)  and  South  Georgia 
(SG)  in  the  South  American  sector  Both  data  sets  have  been  normalized  to  values  observed  on  a  reference 
day  (R(N  )  =  R(0/Np)  -  1 )  .  In  add'tion  the  0/N?  ratios  have  been  corrected  for  changer  in  observation 
height.  Local  solar  time  is  approximately  11  hours.  As  is  evident  the  variations  of  both  parameters  show  a 
high  degree  of  conformity.-  This  is  especially  obvious  dorinq  the  maanetic-atmosphenc-ionosphenc  disturb¬ 
ance  starting  on  Feoruery  ?1  when  a  sionficant  decrease  in  the  0/N~  ratio  causes  a  similar  drop  in  the 
plasma  density.  c 

Using  the  same  form  of  data  presentation.  Fig.  4  show  the  relative  dav-to-day  variations  in  the  0/N^ 
ratio  and  in  the  .’lax.mum  electron  density  foi  a  six-day  interval  in  October  1973.  Point  Arauello  (PA), 
Boulder  (BO) ,  arc  Wallops  Island  (WP)  are  locatec  in  North  America,  Leningrad  (LD)  and  Tomsk  (TK)  in  Russia, 
and  Brisbane  (BR;  in  Australia.-  Local  solar  time  of  observation  is  approximately  9  hours.  Aaain  we  note  the 
close  coupling  between  the  two  data  sets,  especially  durinq  the  major  maqnetic  storm  of  October  29/30,  1973. 

From  a  theoretical  point  of  view  it  is  of  qreat  interest  to  know  whether  the  magnitude  of  the  observed 
composition  changes  is  indeed  sufficient  to  explain  the  observed  variation  in  ionospheric  plasma  density. 

A  detailed  analysis  of  this  problem  has  recently  been  performed  by  Junq  and  Prolss  (1978).  In  their  study 
the  ionospheric  behavior  is  simulated  using  a  numerical  model  and  actually  observed  neutral  composition  da¬ 
ta.  A  result  of  this  computation  is  shown  in  Fin.  5.-  The  upper  part  shows  the  normalized  day-to-day  varia¬ 
tion  in  the  O/N,  ratio  as  observed  near  Boulder  during  a  six-day  interval  in  October  73,  a  period  which  in¬ 
cludes  the  strong  magnetic  storm  of  2Q  October  73  (see  also  Fig.  4),  These  comoositior  data  have  been  in¬ 
troduced  into  the  ionospheric  moael  to  reproduce  the  day-to-d<.y  variation  in  the  maximum  electron  density 
observed  at  this  sfation,  The  result  of  this  calculation  are  presented  in  the  lower  part  of  Fig.  5  .  Also 
shown  for  comparison  is  the  observed  variation  of  the  maximum  electron  density.  The  good  agreement  between 
theoretical  predation  ard  actual  measuremrnt  is  evident.  Tms  demonstrates  that  the  observed  composition 
changes  can  fully  explain  the  observed  reduction  in  the  ionospheric  plasma  density,  i.e.  negative  iono¬ 
spheric  storm  effects.- 

Although  in  the  past  positive  ionospheric  storm  effects  also  have  beer,  linked  to  changes  in  the  neutral 
composition  ,  it  is  now  general iy "bel ieved  that  storm  a  sociated  increases  in  plasma  density  are  caused  by 
transport  of  ionization  (e.g.,  Jones,  1973;  Tanaka  and  Hirao,  1973;  Anderson,  1976;  Prolss  ard  Jurg.-  1978). 
Recent  gas  analyzer  measurements  have  provided  direct  evidence  that  there  is  indeed  no  correlation  between 
positive  disturbance  effects  anu  changes  in  the  neutral  composition..  Figure  6  illustrates  the  distriuution 
of  positive  ionospheric  storm  effects  in  relation  to  tne  latitudinal  structure  of  an  atmospheric  disturb¬ 
ance  The  upper  panel  snows  changes  m  the  N?/0  concentration  ratio  as  observed  durirg  a  disturbance  event 
in  October  1973.  R(N~/0)  =  1  again  serves  as  a  reference,  meaning  no  chanoe  with  respect  to  guiet  times.- 
The  'ower  part  shows  the  time  vanrtion  of  the  critical  frequency  as  observed  at  three  stations  located 
ulong  the  satellite  pass  which  provided  the  neutral  composition  data.  Here  the  monthly  median  for  October 
1973  serves  as  the  quiet-time  reference.-  A  comparison  shows  that  both  Yakutsk  { YA )  and  Brisbane  (BR),  lo- 
Cuttd  inside  the  northern  and  southern  disturbance  zones,  respectively,  show  a  considerable  depression  ir 
the  critical  frequency,  i.e.  negative  disturbance  effects.  Positive  ionospheric  storm  effects,  on  the  other 
hand,  are  observed  at  Yamagawa  f^G),  wmch  is  situated  outside  the  disturbance  zones.  Data  presented  in 
Fig.  7  corroborate  this  pattern  whereas  negative  disturbance  effects  are  associated  with  changLs  in  the 
neutral  composition  positive  storm  effects  art  observed  outside  the  N.,/0  disturbance  zones. 

Further  evioence  for  the  lack  of  correlation  oetween  neutral  composition  data  and  positive  ionospheric 
storm  effects  is  pr'sentod  in  Fig.  8.  Again  a  comparison  is  shown  between  the  day-to-day  variation  in  the 
0/N,  concentration  ra’iO  and  changes  in  the  maximum  electron  density  Of  the  F2  layer.  Tnis  time,  however, 
only  stations  located  outside  the  composition  disturbance  zone  have  been  considereo.  As  is  evident,  no  cor¬ 
relation  is  found  Oetween  \he  smoothly  varying  composition  3nd  the  enhancements  seen  ;n  the  electron  den¬ 
sity.  If  we  assume  tne;  that  positive  aisturbance  effects  are  caused  by  transport  of  ionization,  and  fur¬ 
thermore,  that  to  is  transport  is  affected  by  winds  and/o  electric  fields  the  block  diagram  in  Tiq.  9  may 
help  to  illustrate  the  principle  interactions  between  maqnetospher’c,  atmosphe' ic  and  ionospheric  disturb¬ 
ance  events. 

3.  SYSTEMATIC  VARIATIONS  OF  NEUTRAL-ATMOSPHERIC  AND  IONOSPHERIC  DISTURBANCES 

In  spite  of  a  considerable  degrep  of  irreqularity  in  the  ionospheric  storm  behavior  certain  systematic 
variations  are  clearly  recognized.  These  include  changes  with  the  intensity  of  tne  disturbance,  with  geo¬ 
magnetic  position,  with  local  time,  and  with  season.-  Recent  studies  based  on  oas  analvzer  data  show  that 
these  variations  can  be  directly  attributed  to  similar  chanoes  m  the  neutral  composition.  Thus  they  confirm 
the  close  coupling  between  atmospheric  and  ionospheric  disturbance  effects.  This  section  summarizes  the  re¬ 
sults  of  these  investigations  in  a  uniform  manner. 

3-1  Variation  with  magnetic  storm  intensity 

Earlv  studies  of  ionospheric  storms  revealed  that  at  mid-latitudes  there  is  a  chanoe-over  from  posi¬ 
tive  to  negative  oisturbar.ee  effects  wit.i  the  growing  intensity  of  a  maqnetic  perturbation  (Appleton  and 
Ingram.  1935).  This  change-ove*-  is  part  of  a  more  qeneral  pattern  with  both  the  magnitude  and  extension  of 
negative  storm  effects  increasing  with  the  sever-ty  of  the  magnetic  disturbance  (e.q.  Berkner  and  Seaton, 
1940;'  Lange-Hesse,  1955,  1965;  Matsushita,  ’959).  Recently  gas  analyzer  data  have  shown  that  similar  varia¬ 
tions  are  also  observed  in  the  morphology  of  magnetic  storm  associated  chanqes  in  the  neutral  compos’tion 
(e.g.  Prolss  and  Fncke,  1976)..  This  is  illustrated  in  Fiq.  10  which  'hows  tne  magnitude  and  cttensicn  of 
a  neutral  composition  disturoance  f or  two  different  levels  of  maqnetic  activity.  Relative  chanqes  in  the 
molecular  nitrogen  to  atomic  oxygen  (N./O)  concentration  ratio  are  clotted  with  RfN^/O)  =  1  serving  as  the 
quiet  time  reference.  To  facilitate  a  -comparison  all  data  have  been  reduced  to  a  common  altitude  of  280  mo. 
Also  to  illustrate  the  distuioance  morphology  in  o  mere  comprehensive  manner  five  latitudinal  profiles  have 
been  superimposed  for  each  disturb jnce  level..  As  is  evident,  the  maqnitude  cf  the  N„/0  disturbance  as  well 
as  its  extension  towards  lower  latitudes  increase  with  the  intensity  of  the  magneti6  storm  in  goou  aqree-- 
ment  with  corresponding  changes  m  the  morphology  of  ionospheric  storm  effects. 

3. ?  Variations  with  geomagnetic  position 

Systematic  variations  of  ionospheric  storm  effects  with  geomaanetic  pcs.tioi  are  not  so  well  decumen- 
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ted.:  Studying  the  global  morphology  of  ionospheric  perturbations,  Appleton  and  Piqgot  (1952)  noted  that 
negative  storm  effects  are  more  closely  correlated  with  geomagnetic  than  with  geographic  coordinates.  Sub¬ 
sequent  studies  often  implicitly  presumed  this  maqnetic  latitude  control  by  using  qeomagnetic  coordinates 
to  organize  their  data  (e.g.  Matsushita,  1959;  Rajaram  and  Rastoqi,  ’970). 

Recent  qas  analyzer  data  suggest  that  this  geomagnetic  latitude  dependence  of  ionospheric  storm  effects 
is  caused  by  corresponoing  changes  in  the  neutral  composition.  Thus  very  distinct  longitudinal  variations 
which  are  in  phase  with  corresponding  changes  in  the  nagnetic  invariant  latitude  are  frequently  observed 
during  disturbed  conditions  (e.g.  Prblss  and  von  Zahn,  1974a,  197/a;  Jacchia  -t  ai  ,  1976).  Figure  11  il¬ 
lustrates  this  effect.-  The  lower  panel  shows  a  comparison  between  the  longituoinal  variation  of  the  Nz/G 
density  ratio  and  the  variation  of  the  magnetic  invariant  latitude  at  constant  qeograph'c  latitude.  Ail 
density  data  have  been  adjusted  to  a  common  altitude.  As  is  evident,  there  is  good  agreement  between  the 
systematic  variations  of  both  parameters,  clearly  demonstrating  the  invariant  latitude  control  of  composi¬ 
tion  disturbances. 

To  show  that  these  variations  are  not  due  to  similar  temporal  chanqes  in  the  magnetic  activity  the  up¬ 
per  panel  of  Fig.  11  shows  the  magnetic  AE  index  during  the  time  interval  of  interest.  The  spatial  charac¬ 
ter  of  this  disturbance  variation  is  further  corroborated  by  ionospheric  data.-  Figure  12  illustrates  the 
ionospheric  conditions  near  the  maxima  and  minima  of  the  N,/0  variation..  Whereas  Wallops  Island  (WP)  (lo¬ 
cated  near  the  tenter  of  the  N^/O  disturbance)  persistently  'hc;;x  considerable  neqative  storm  effects, 

Tokyo  (TO)  tends  to  exhibit  onfy  smaller  depression  effects  in  f <7 .- 

3.3  Local  time  venations 

One  of  the  more  prominent  characteristics  of  ionospheric  storms  is  their  local  time  dependence.  A 
first  description  of  this  effect  was  given  by  Kirby  et  al.  (1936)  who  state  that  severe  magnetic  storms  be¬ 
ginning  during  the  daytime  may  show  little  correlation  with  radio  data  (i.e.  negative  storm  effects),  while 
a  severe  magnetic  disturbance  before  sunrise  is  accompanied  by  disturbed  radio  conditions  during  the  entire 
next  day.  Subsequent  studies  confirmed  these  findings  and  showed  that  at  mid-latitudes  negative  storm  ef¬ 
fects  commence  most  frequently  in  the  early  morning  and  very  rarely  in  the  noon  and  afternoon  local  time 
sectors  (e.g.-  Appleton  and  Piggot,  1952;  Thomas  and  Venables,  1966;  Prcilss  and  von  Zahn,  1978).  This  is  il¬ 
lustrated  in  Fig.  13.-  On  the  other  hand,  positive  ionospheric  storm  effects  are  most  frequently  observed 
in  the  noon  and  afternoon  sector  of  the  first  storm  day  (e.g.  Mendillo,  1973;  Hargreaves  and  Bagenal ,  1977). 

An  explanation  of  these  affects  in  terms  of  composition  changes  would  involve  a  disturbance  which  is 
much  larger  in  the  mghttime/early  morning  sector  than  in  the  daytime  sector  (Prblss,  1976).  Recent  gas 
analyzer  data  are  consistent  with  this  concept.-  Fiqure  14  shows  a  comparison  between  the  disturbance  magni¬ 
tude  of  two  events  which  occurred  during  the  same  season  and  were  associated  with  magnetic  activity  of  com¬ 
parable  magnitude  but  were  observed  at  different  local  times,  namely  in  the  morninq  and  afternoon  sectors, 
respectively.-  Relative  changes  in  the  NP/0  concentration  ratio  are  plotted  aqain  as  a  function  of  magnetic 
latitude  with  R(No/0)  serving  as  the  quTet-time  reference.  Ten  of  the  most  disturbed  orbits  have  been  su¬ 
perimposed  for  each  event.  As  is  evident,  there  is  a  sionificant  local  time  asymmetry  ir  the  disturbance 
magnitude  with  larger  disturbance  effect"  in  the  morning  sector.  This  supports  our  hypothesis  that  the  major 
disturbance  occurs  in  the  nighttime/early  morning  sector.  Unfortunately  the  uata  are  not  suited  to  document 
local  time  dependent  changes  in  the  extension  of  the  disturbance  since  they  were  collected  durinq  all  stages 
of  the  storm  development. 

Further  evidence  for  a  local  time  asymmetry  come,  from  a  statistical  analysis  of  molecular  nitrogen 
data  obtained  by  the  0G0  6  satellite  (Taeusch,  1-  7).  Although  based  on  a  limited  data  sample,  this  study 
also  indicates  that  the  major  disturbance  occurs  in  the  mqht  sector..  However,  in  addition  a  clear  local 
time  asymmetry  in  the  extension  of  the  disturbance  is  evident  with  tie  N~  density  increase  reaching  down 
to  much  lower  magnetic  latitudes  in  the  night  sector .- 

3.4  Seasonal  variations 

Seasonal  variations  also  belong  to  the  well  documented  features  of  ionospheric  storms.  They  were  dis¬ 
covered  early  (Appleton  et  al.,  1937;  Kirby  et  al.,  1937)  and  have  since  been  investigated  in  numerous 
studies  (e.g,  Appleton  and  Piggot,  1952;  lange-Hesse,  1965;  Duncan,  1969;  Spurling  and  Jones,  1973;  Prolss, 
1977).  The  most  prominent  aspect  of  these  variations  is  that  durinq  summer  negative  storm  effects  are  ob¬ 
served  to  extend  all  the  way  from  the  polar  region  to  the  subtropics,  whereas  during  winter  they  are  re¬ 
stricted  co  the  hiqher  latitudes.  Tms  is  illustrated  in  Fig,  15,  Recent  qas  analyzer  data  show  again  that 
these  changes  can  be  directly  attributed  to  similar  variations  in  the  neutral  composition  (Prolss  and  von 
Zahn,  1977b).  This  is  illustrated  in  Fig,  16  which  shows  a  comparison  between  the  latitudinal  structure  of 
a  summer  i^d  a  winter  disturbance.  Again  the  N^/O  density  ratio  is  used  to  describe  the  properties  of  the 
composition  disturbance,  RthL/O)  =  1  serves  as  the  quiet-time  reference,  and  ten  of  fhe  most  disturbed  or¬ 
bits  have  been  superimposed  To  describe  the  disturbance  structure  in  a  comprehensive  way, 

A  comparison  of  the  sunnier  and  winter  data  reveals  that  (1)  whereas  in  summer  the  N^/O  disturbance 
extends  all  the  way  from  the  high  to  the  low  latitude  regions,  it  is  restricted  to  the  higher  latitudes  in 
winter;  this  is  ir  excellent  agreement  with  ionospheric  storm  data;  [Z)  whereas  in  summer  the  increase  in 
the  Np/0  disturbance  at  the  lower  latitude  boundary  a  gradual  '-ne,  rather  steep  increases  are  frequently 
observed  during  winter;  and  (3)  whereas  the  sunmer  perturbations  are  of  moderate  magni'ude,  fairW  large 
disturbance  effects  are  commonly  seen  in  winter, 

4.  MODELING  ATMOSPHERIC  DISTURBANCE  EFFECTS 

Given  the  close  coupling  between  the  neutral  and  ionized  upper  atmosphere  any  progress  made  in  model inq 
neutral  atmospheric  disturbances  should  also  be  of  use  in  describing  ionospheric  storm  effects.  The  1 ,rqe 
amount  of  data  provided  by  recent  gas  an..lyzer  measurements  has  indeed  stimulated  the  development  oi  a  num¬ 
ber  of  emperical  models  of  the  thermospheric  region  which  are  of  interest  here  (e.q.  MSIS  iodel :  ''edin  et 
al.,  1977a,  1977b;  ESRO  4  model;  von  Zahn  et  al.,  1977;  Jacchia  '77  model:  Jacchia  et  a1.,  1977).  A  compar¬ 
ison  shows  that  all  these  models  are  well  suited  to  reproduce  the  basic  features  of  magnetic  storm  associ¬ 
ated  changes  in  the  neutral  composition.  However  none  of  tnese  algoriYHms  is  sophisticates  enough  to  repro¬ 
duce  the  systematic  variations  discussed,  for  example,  in  the  previous  section.  Thus  all  models  consider 
only  zonally  averaged  values  and  all  are  based  on  a  fixed  latitudinal  profile,  Thi»  means,  for  instance, 
that  none  of  the  systematic  variations  in  the  extension  of  a  composition  disturbance  are  taken  into  account. 
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Another  major  drawback  of  these  models  is,  of  course,  that  they  do  not  provide  any  information  on  magnet. c 
storm  induced  winds  which  are  so  important  for  modeling  positive  ionospheric  storm  effects. 

Theoretical  models  do  provide  this  information  on  the  disturbed  meridional  wind  component  (May  and 
Volland,  1973).-  They  also  provide  some  ’nsight  into  the  mechanisms  leading  to  the  systematic  variations 
discussed  in  the  previous  section  (Vollar.d,  19.-9).-  The  disadvantage  of  this  physical  approach  is  that  a 
nu'iber  of  simplifying  assumptions  must  be  introduced  wh'ch  limit  the  applicability  of  the  theory.  Also  some 
of  the  basic  input  parameters  needed  for  a  quantitative  treatment  are  incompletely  known.-  Last,  bdt  not 
least,  the  formalism  used  is  often  too  complex  to  b._-  useful  for  practical  applications.  Given  this  situation 
neither  the  empirical  nor  the  theoretical  atmospheric  models  presently  available  are  of  much  use  in  modeling 
ionospheric  disturbance  effects.  It  is,  however,  to  be  expected  that  tms  situation  will  improve  in  the  near 
future  with  more  sophisticated  empirical  models  of  the  geomagnetic  activity  effect  under  development. 
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Fiq.  1  Energy  injection  and  formation  of  neutral  atmospheric  composition  disturbance  zone."  during  a  mag- 
netospheric  storm  event.;  Also  shown  is  a  sample  orbit  of  the  ESKO  4  satellite  which  provided  all 
neutral  composition  data  shown  in  the  following  figures  (Prolss  and  von  Zahn,  1977a). 
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Fig.  2  Basic  latitudinal  structure  of  magnetic'  storm  induced  changes  in  the  number  density  of  argon  (Ar), 
molecular  nitrogen  ((L)>  atomic  oxygen  (0),  ar.d  helium  (He),  in  addition  the  lower  part  shows  the 
corresponding  variations  of  the  atomic  oxygen  to  molecular  nitrogen  concentration  ratio  (0/N?)  and 
of  the  tota’  mass  density  (p). 


Relative  day-to-day  variations  in  the  F2-iayer  maximum  electron  density  (N  )  and  in  the  atomic 
oxygen  to  molecular  nitrogen  ( O/N^ )  concentration  ratio  above  six  mid-latitaae  station'  (positions 
in  geographic  coordinates)  durinq^a  nine-day  interval  in  February  1973.. 


Fig.  4  Some  as  Fig,  3  for  a  six-day  interval  in  October  1973. 
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Fig.  5 


Fig.  6 
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Comparison  between  calculated  and  observed  day-to-day  variations  In  the  F2-layer  maximum  electron 
density  JL...  at  Soulosr/USA  (lower  part).  The  jpper  panel  shows  the  corresponding  changes  in  the 
measured  D/H2  concentration  ratio  used  in  the  model  calculation  (Jung  and  Frdlss,  1978). 
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Comparison  between  the  latitudinal  structure  of  neutral  atmospheric  and  Ionospheric  disturbance 
effects.  The  upper  panel  shows  relative  charsjes  in  the  0/N?  concentration  ratio  as  observed  close 
to  147°£  on  October  30,  1973.  The  lower  pert  shows  the  local  time  variation  of  the  F2- layer  cri¬ 
tical  frequency  (fat  dotted  line)  »$  observed  at  three  iono sonde  stations  whose  relative  positions 
with  respect  to  the  atmospheric  disturbance  zone,  are  indicated  by  arrows.  Also  shown  for  compar¬ 
ison  is  the  monthly  median  of  feF2  for  October  73  (thin  line)  (Pi-blss,  1977). 
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F<g,  7  Saw  as  Fig.  6  for  magnetic  stona  event  of  c8  December  1973. 


OCTOBER  73 


FI*.  R  Relative  day-to-day  variations  In  the  Fit-layer  maximum  electron  density  (fU*Kl  and  In  the  atomic 

nnyjen  to  molecular  nltrootn  (O/Nj)  concentration  ratio  above  four  mld-latltuo*  stations  tpositions 
In  ftogrephlt  coordinates!  during**  six-day  interval  tn  October  1973.  Note  that  ir.  contrast  to 
Fig.  4  all  stations  wre  located  outside  the  neutral  coooosltlon  disturbance  son*. 
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Fig.  9  Causal  relation  between  nagnetospherlc,  neutrel-ttwsDhsrlr  and  Ionospheric  disturbance  effects. 


Fig. 10  Variation  of  the  latitudinal  structure  of  an  atmospheric  disturbance  with  magnetic  storm  intensity. 
Shown  is  a  comparison  between  latitudinal  profiles  of  relative  changes  In  the  N«/Q  concentration 
ratio  (lower  part)  observed  during  two  different  phases  (a  and  b)  of  a  nagneticStona  whose  tine 
variation  Is  Indicated  In  the  upper  part  of  the  figure. 
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Fig. 11  Comparison  between  the  longitudinal  variations  of  the  N./O  density  ratio  and  the  magnetic  invari¬ 
ant  latitude  A  along  a  constant  geographic  latitude  (lower  panel).  The  level  of  magnetic  activity 
(AE  index)  during  the  time  interval  of  interest  is  shovm  in  the  upper  panel. 
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Fig. 12  Comparison  between  the  longitudinal  variation  cf  the  N?/C  density  ratio  and  the  behavior  of  the 
critical  frequency  as  observed  at  two  stetions  locatedSear  the  maximum  and  near  the  mintmum  of 
the  composition  disturbance,  respectively.  The  thin  line  in  the  upper  and  lower  panel  Indicates 
the  mean  variation  of  f „F2  during  five  undisturbed  days. 
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LOCAL  TIM1!.  HOURS 

fig. 13  Local  time  distribution  of  onset  times  of  negative  ionospheric  storm  effects  as  observed  *t  ss**e 
24  «i<Matitude  stations  during  1973  {fi^lss  and  von  Zahn,  lf>78). 


260  KM 
SUMMER 


19  IT 


30  oO 

j  MAC.  LAY.  | 


Fig, 14 


! » 


l*t  MO»IStl*N  NO*1rt!»M  WlNUt 


OSOO«  IOKO  t 


Fig.  15  Extension  of  ionospheric  disturbance  yooes  (hitched  areas)  in  «  q«x;ripfiic  longitude/invariant  lat¬ 
itude  coordinate  system  during  five  northern  suamer  and  five  northern  winter  events.  The  solid, 
sewisol'd,  and  open  ci’xles  indicate  that  significant,  wall  and  no  negative  storca  effects  are  on- 
served  at  these  locations,,  respectively  (Priiiss,  1977). 
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Fig. 16  Comparison  between  the  latitudinal  structure  of  a  summer  (dune  24,  1973;  1^**5)  and  a  winter 
disturbance  event  (dune  2-3,  1973;  KPng***).  (Prblss  and  von  2ahn,  1977). 
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E.R.  Srtiawrtii'4.  US 

<  congratulate  the  author  on  cmphasUuig  the  important  point  that  ionospheric  hehavuu  cannot  be  understood 
without  understanding  the  behavior  of  the  neutral  ionosphere  i  >}u«ito«.  however.  hb  cotsehition  that  electric 
fields  are  responsible  for  magneitv  storm  effects  at  low  latitudes,  whereas,  the  neutral  composition  governs  changes  at 
high  latitudes,  sine  the  strongest  electric  Helds  have  been  observed  lust  In  the  high  latitude  regions. 

Author  •aRafdy 

There  can  be  no  doubt  that  electric  field’,  are  strongest  m  the  high-fr:u«de  regions  In  frees  it  is  the  dissipation  of 
these  electric  fields  in  the  polar  regions  which  causes  most  «l  the  atmospiiene-iotiosphci'sc  disturbance  effects, 
e.g.  neutral  composition  changes,  traveling  atmospheric  duturbiii-.es  and  waves.  However,  a  small  traction  of  these 
substorm  electric  fields  will  sbo  penetrate  to  nuddie  latitudes  where  it  ma>  iuuxe  positive  storm  effects 
especially  ir  the  arternoon/pteniidmsh?  local  tune  scctoi 


H.  Soktier.  US 

Observations  of  the  effects  of  magnetic  '  tonus  on  total  ckctriv  content  (T)  O  have  shown  that  depending  on 
location  and  kx.^1  time  shortly  alter  sudden  commencement  tSt'l  there  t>  a  positive  phase  u  e.  I  K'  increases 
sharply T  This  ts  followed  hv  a  negative  pha*e  which  may  last  up  to  a  few  days 

How  ««•  these  explained  in  view  of  the  author’s  neutral  composition  observations'*  Is  there  interaction  between 
neutral  composition  changes  ami  ionospheric  transport  processes? 

Author's  Reply 

Before  answering  your  question  1  wxvuk*  like  to  point  out  that  the  sudden  commencement  tSl’i  is  not  related  to  any 
of  the  large-scale  atrwwphenc-Kviiovherte  disturbance  effects  aim  its  use  as  a  reference  po-nt  should  certainly  be 
discontinued. 

Within  the  frame  work  of  the  model  presented  m  thn,  tall,  positive  storm  ettects  primarily  observed  til  the 
afternoon  sector  during  the  initial  phase  of  major  sutslomi  activity  are  caused  by  larjse  scale  traveling  atmospheric 
disturbances  t  FAihU  and  to  a  lesser  degree  by  substorm  electric  fields  which  transport  lonirxtiou  to  higher 
altitudes  and  theiefore  into  regions  of  reduced  losses  '.hiring  this  time  composition  changes  are  also  generated, 
however,  they  are  iwirv.tcd  to  the  tujhlaiitudr  region  on  the  day  side  amt  only  in  the  night  vector  especially 
in  rhe  early  morning  sector  do  they  extend  to  middle  latitudes,  lo nosonde  stations  which  are  locate-,!  in  the 
early  mottling  sector  while  a  niagiteric  storm  is  »n  progress  will  theiefore  miinevhately  observe  negator  storm  effects 
On  tlte  other  hand  stations  which  ate  initially  located  the  afternoon  sector  will  first  have  to  rotate  through  the 
eight  sector  before  negative  storm  effects  are  observed 


!{>-( 


BASIC  FINhINCS  HELPFUL  FOR  IONOSPHERIC  PREDICTIONS 

K.  liar  n  1  achmaetior /K .  Rawer 
lonespharen-Insit  itut 
0-7814  Breisach,  F.R.,0. 

SUMMARY 

A  iarqe  part  of  the  dayboy-day  fluctuation  of  ionospheric  parameters  suoms  to  bo  due  to 
lur.ar  influences.  These  are  much  larger  than  revealed  by  long  term  harmonic  analysis 
since  they  appear  preferentially  at  certain  solar  hours  and  depend  on  the  season.  Data 
from  Freiburq  {summer  periods)  show  that  different  years  compare  well  provided  Jupiter 
and  Venus  are  far  from  Earth;  the  lunar  effect  Is  deformed  during  other  period*.  Such 
effects  were  found  for  the  critical  frequency  foF2  of  the  F2-layer,  but  also  -  to  a 
smaller  extent  -  for  foEs  are  another  cause  of  fluctuations  during  certain  periods. 

Also,  the  efficiency  of  a  magnetic  disturbance  upon  foF2  seems  to  be  smaller,  when  Jupi¬ 
ter  and  Venus  are  far  from  Earth. 

I .  INTRODUCTION 

For  many  decades  ionospheric  predictions  i  ad  monthly  median  condition!,  for  aim.  Since 
Ionospheric  stations  used  to  observe  in  a  day-by-day,  hour- by-hour  schedule  the  laige 
variability  of  most  ionospheric  parameters,  in  particular  foF2  and  foEs,  Is  well  Known. 

The  monthly  median  diurnal  variation  used  to  be  taken  as  a  systematic  effect,  at  a  given 
location  still  depending  on  season  and  (average)  solar  activity.  Efforts  to  link  the  day- 
by-day  fluctuations  with  that  of  indices  of  solar  activity  were'  In  vain  -  with  tlu  excep¬ 
tion  of  foE,  the  critical  frequency  of  the  normal  E-layer  (B1BL,  K.,  1*)j1).  Therefore  the 
fluctuations  were  interpreted  as  'noise*  (RAWER,  K.,  1944  and  1947),  i . e .  aa  being  pro¬ 
voked  by  not-identif table,  thus  unpred ictahle  causes. 

These  fluctuations  aro  quite  large,  the  tange  cf  variability  being  ♦  15. ..20  »  foi  foF2 
In  the  temperate  zone;  it  is  ever,  larger  for  foEs,  the  top- frequency  of  the  sporadic 
layer  E*  (which  is  important  for  lealistic  predictions  of  the  maximum  usable  frequency, 
at  least  at  distances  up  to  2000  km). 

We  should  note  here  that  all  Influences  which  are  synchrom led  with  the  Sun  do  not  pro¬ 
duce  'fluctuations'  In  our  sense  since  the  average  diurnal  variation  is  determined  by 
purely  empirical  method*.  Thus,  solar  tides,  may  they  be  produced  by  heating  or  by  gravity, 
cannot  produce  more  spread  In  monthly  massplots  than  is  due  to  the  systematic  variation 
of  the  bun's  apparent  orbit  from  the  beginning  to  the  end  of  a  month.  Lunar  tides,  how¬ 
ever,  which  can  be  supposed  as  to  be  of  gravitational  origin,  are  not  included.  These 
cause  a  part  of  tne  fluctuations  the  importance  of  which  shall  be  discussed  in  the  fol¬ 
lowing. 


2 .  LUNAR  TIDES  IN  THE  F-RECION 

After  D.F.  MARTYN’s  (1947)  initial  invest lq«t. ions  of  lunar  tides  at  the  magnetic  equator, 

J.  BARTELS  (1950)  analyzed  data  from  Huancayc  (5  2°S,  5°  W,  magnetic  dip  +  2°)  and  found 

a  quite  important  effect  in  the  critical  frequency  foF2  of  about  1  MHz  in  October  and 
November,  but.  a  much  smaller  effect  in  June  and  July.  Thus,  at  the  dip  equator,  a  some¬ 
times  considerable  part  of  the  fluctuations  miqht  be  due  to  lunar  tides.  Usmq  the 
S.  CHAPMAN  and  J.  BARTELS  (1940)  equation  of  the  lutu-solar  variation  0.  BURKARD  (1951) 
gave  an  idealized  description  of  the  lunar  effect  at  Huancayo  in  terms  of  four  hoimonics. 

He  was  first  to  see  that  lunar  effects  tend  to  appear  preferentially  at  certain  'solar) 
hours.  A  comprehensive  compilation  of  consecutive  work  on  lunar  tides  at  many  stations  is 
due  to  S.  MATSUSHITA  (1967).  He  found  'remarkable  differences  of  the  behaviour  between 
the  magnetic  equatorial  zone  and  the  region  away  from  this  zone',  average  amplitudes  in 
the  first  being  about  twice  a#  large  than  in  the  second.  His  survey  paper  considers 
different  ionospheric  parameters  while  we  shall  concentrate  in  tne  following  mainly  on  the 
critical  frequency  foF2.  For  this  character  1st  1c .  N.  EOSSOLASCO  and  A.  ELENA  (1960)  har- 
Mjnioally  analyzed  data  from  stations  of  particular  concern  to  out  study!  Freiburg  (48,1 °N>, 
Sc.*  >v*  (44,6°h>  and  L6opoldvlile  (nov  Kinshasa,-*  4°S) .  They  obtained  amplitudes  of  the 
semidiurnal  lunar  tide  of  foF2  of  0.04,  0.06  and  .08  MHz,  respectively.  This  is  quite 
sma'l  c-anpared  with  the  fluctuation  shown  in  monthly  mass  plots  of  foF2. 

With  respect  to  such  effects,  classical  Fourier  analysis  over  longer  time  intervals  is  not 
really  helpful.  This  is  duo  to  the  ,*ct  that  the  Sun-Moon  configuration  is  continuously 
varying.  Also  the  diurnal  period  of  illumination  varies  with  the  season  and  excites  itself 
a  season-dependent  semidiurnal  variation.  In  a  correct  analysis  the  Sun-dependent  influences 
should  be  hold  constant.  We  do  this  by  following  the  seasonal  variation  in  intervals  of 
two  weeks  enly.  On  the  otner  hand,  in  order  to  avoid  statistical  destruction  o?  lunar 
effects  (as  applied  voluntarily  in  monthly  medians)  we  ac«J"*t  these  intervals  to  the  lunar 
period  and  phase.  Beginning  anc.  end  of  each  basic  interval  Is  always  at  a  well-determlnsd 
lui  r  phase.  This  has  for  consequence  that  by  allowing  for  a  slight  shift  in  season  la  few 
days  only)  we  obtain  "lunar  synchronisation*  enabling  us  to  compare  lunar  effects  at  a 
giv  n  season  In  different,  years. 
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2.1.  Handling  of  Peak  electron  Density  Data 

When  looking  for  possible  causes  of  these  fluctuations  at  our  mid-lat itude  station  Frei¬ 
burg,  we  selected  summer  periods  fro*  May  through  August,  the  average  (solar)  diurnal 
variation  beinq  smalles*  during  that  season.  Further,  in  order  to  avoid  the  remaining 
seasonal  variations,  we  rejected  the  usual  methods  tending  to  determine  an  average  lunar 
variation  ov-.  r  long  periods.  Considering  BARTELS'  (1950)  results  for  Hujncayo  (at  the 
magnetic  equator),  ve  grouped  data,  for  only  one  month  from  different  years  however, 
synchronising,  systematically  by  the  lunar  phase.  When  doing  so  we  found  that  consistent 
results  were  obtained  when  combining  certain  years,  while  other  cosrbinat ions  were  much 
less  satisfying. 

We  are  now  rather  certain  that  planetary  influences  are  the  caus  *  of  this  queer  finding. 
When  taking  account  of  the  two  planets  which  should  have  the  largest  tidal  effect,  namely 
Jupiter  and  Venus,  we  obtain  a  consistent  picture  from  years  with  similar  planetary  con¬ 
stellation.  Since  the  tidal  acceleration  provoked  by  these  planets  is  much  smaller  than 
that  of  the  Moon,  it  remains  difficult  to  understand  this  finding  with  a  linear  theory. 

We  presume  that  planetary  waves  and  oscillations  play  their  part  in  the  gome  such  that  it 
Is  not  indifferent  whether  Jupiter  has  its  culmination  (or  ant l-cuimmation)  with  the  Sun, 
or  at  another  solar  hour.  In  fact  we  shall  see  below  that  these  effects  get  some  influence 
always  when  one  of  the  two  planets  Is  near  Earth. 

After  this  'planetary  selection'  we  obtain  consistent  behaviour  for  summer  months,  the 
lunar  effect  appearing  most  clearly  wht n  botn  plan-ts  are  far  away  or  are  aligned  with 
the  Sun.  tfe  feel  that,  with  this  knowledge,,  a  large  part  of  the  so-called  fluctuation  of 
foF2  is  in  fact  becoming  predictable. 

2.2.  Filtering  by  Appropriate  Smoothing 

It  is  known  that  short  period  events  sometimes  influence  the  ionosphere.  In  order  to 
eliminate  such  undesired  features,  we  applied  a  cautious,  two  step  smoothing  procedure 
to  the  measured  foF2-aata:  (1)  smoothing  over  the  date  by  averaging  over  three  consecu¬ 
tive  days  {with  w»*ignts  1:4:1)  j  (2)  smoothing  over  the  season  by  averaging  over  corres- 
liondinq  days  of  opposed  lunar  phase,  l.e.  the  day  14d  before  and  1  4d  after  the  considered 
day  (with  weights  1:2:1).  After  tills  filtering  the  individual  curves  are  quite  smooth  and 
-  except  for  a  few  exceptions  -  show  systematic  changes  with  the  semi-monthly  lunar  pha3e. 
The  semi-diurnal  component  uses  to  appear  more  distinctly  for  new  and  full  Moon,  l.e. 
when  the  Moon  13  in  phase  or  antiphase  to  the  Sun. 

Ir.  order  to  demonstrat  the  lunar  Influence  better  ve  applied  one  more  filtering  procedure 
by  averaging  over  corresponding  ciays  of  two  consecutive  y?a,r.  tailing  account  of  the  lunar 
phase  as  indicated  above.  It  appeared  then  very  clearly  that  the  so-called  irregular 
fluctuation  is  to  a  larqe  extent  a  systematic  influence  of  the  Moon.  Examples  are  shown 
ii.  Fig.  )r.,  where  the  so  filtered  diurnal  curves  of  foF2  are  shown  depending  on  the  lunar 
pn-'se.  In  order  to  show  that  magnetic  disturbances  could  not  have  seriously  influenced 
the  plct-ire  we  show  daily  Ap-inuices  (averaged  after  the  same  schedule)  at  the  right  hand 
side.  The  tv»,»  ,  -ak  type  of  foF2  appears  preferentially  around  fuil  and  new  Moon,  but  tends 
to  disappear  around  the  half  Moon  phase.  Similar  behaviour  is  besides  shown  by  ocean  tides 
under  certain  conditions  (see  Fig.  lb). 


Exceptions  occurod  for  itrorg  magnetic  disturbances  and,  quite  generally,  for  tie  year 
1969.  At  first,  we  attributed  this  to  the  high  solar  activity  of  this  particular  year. 
Meanwhile  we  have  another  explanation. 

2.3  Planetary  Influences 


Realising  that  the  orbital  period  of  Jupi ter  (about  12  ,ears)  »s  quit.'  near  to  that  of 
the  sunspot  cycle,  we  decided  to  check  this  planets  influence.  This  is  not  easy  because 
th“  Influence  is  probably  weak  against  tnose  of  Sun  and  Moon.  First  of  all,  we  identified 
years  where,  due  to  the  configurat ion,  ’.he  lovian  influence  should  not  be  disturbing  the 
lunar  one.  These  are  conditions  where  ,-upiter  and  Sun  are  in  phase  (see  class  11)  below) 
or  (tntiphase  (see  class  (2)  below)  such  that  the  tidal  game  is  essentially  reduced  to  the 
two  main  participants  only,  namely  Fun  and  Hoon.  Note  that  conditions  in  Tig. la  were  so  chosen. 

At  least  during  periods  when  Venus  is  near  Earch  this  planets  effect  must  also  be  taken 
into  account.  We  deal  w; ’  i  tt.is  in  class  (3)  below. 


Under  conditions  where-  Jupi et  and  Venus  are  of  comparable  effect  and  out  of  phase,  our 
procedure  breaks  down.  This  situation  occurred  in  1969,  see  class  (4)  tslow. 


We  shall  now  present,  the  four  typical  classes.  We  Illustrate  them  by  a  few  examples  em¬ 
bracing  only  a  si.. a  11  part  cf  ail  results  we  have  obtained  from  24  summer  seasons. 
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Class  (1)  Jupiter  and  Venus  far  away 

Jupiter  culminates  between  10  and  IS  h  local  time  (LT)  such  that  the  jovian  Influence 
Is  almost  synchroneous  with  that  of  the  Sun.  This  condition  occurred  in  1954  and 
again  in  1966.  In  Figs.  2  data  from  summer  months  in  these  years  are  shewn.  In 
Figs.  2c  and  d  Jupiter  and  Sun  were  culminating  rather  exactly  at  the  same  hour, 
the  effect  of  lunar  phase  was  much  more  pronoucea,  .Mid  so  was  the  importance  of  the 
half-day  wave,  that,  in  Figs.  2a,  b  and  e  where  Jupit>r  was  out  of  phase  by  2  h  and 
more.  This  shows  that  the  half-day  wave  depends  critically  on  the  phase  of  the 
planet,  even  when  this  letter  is  far  away. 

Class  (2;  Jupiter  near  Earth,  Venus  far  away 

Seen  from  Earth,  Jupiter  is  in  opposition  to  the  Sun,  the  culmination  occuring  be¬ 
tween  17  and  08  h  LT.  These  conditions  are  fulfilled  in  the  following  summer  seasons 
1959  (eicept  July,  August),  1960,  1961  (except  May,  June),  1962  and  in  the  next  orbital 
period:  1971  and  !973.  (Summer  1972  was  a  comparable  case:  Though  Venus  was  near 
Earth,  Jupiter  and  Venus  culminated  about  at  the  same  hour.)  When  considering  the 
same  examples  shown  in  Figs.  3,  we  see  again  that  the  lunar  effect  is  clearer  for 
culmination  with  the  Sun  (Fig.  3a)  than  when  the  phase  difference  is  large.  In  the 
latter  case  the  lunar  effect  is  quite  poor  (Fig.  3b),  and  30  is  the  importance  of 
the  half-day  wave.  Under  such  conditions  we  have  sometimes  seen  a  6  h  modulation 
(the  first  harmonic  of  the  12  h  period) ,  too. 

Class  (3)  Jupiter  far  away,  Venus  near  Earth 

In  this  case  Venus  is  prevailing.  Since  it  ie  an  inner  planet,  the  culmination  uses 
to  occur  around  noon  (10... 14  h  LT) .  Whenever  it  differs  by  less  than  1  h  from  that 
of  the  Sun,  the  lunar  modulation  is  very  clearly  appearing  as  shown  in  Fig.  4,  quite 
similar  to  the  undisturbed  lunar  effect  as  shown  in  Fig.  la. 

Class  (4)  Odd  conditions.  In  summer  1969  Venus  and  Jupiter  had  comparable  Influence  and 
culminated  at  different  hours,  away  from  noon.  In  these  conditions  the  regular 
lunar  effect  is  seriously  disturbed  (Fig.  5).  These  are  still  effects  of  the  lunar 
phase.  However,  tne  pattern  around  full  Moon  is  more  like  that  found  near  half-Moon 
in  the  other  classes.  Higher  harmonics  are  more  important  here. 


3.  LUNAR  TIDES  IN  THE  E-REGION 

This  subject  Is  also  delt  with  by  S.  MATSUSHITA  (1967)  with  results  of  classical  harmonic 
analysis. 

3.1  The  Critical  Frequency  of  Normal  E,  foE 

"Normal  E"  is  known  to  be  the  most  regular  ionospheric  layer.  Except  for  small  deviations 
in  the  morning  and  evening  the  critical  frequency,  foE,  follows  true  local  solar  time  so 
accurately  that  the  equation  of  time  can  empirically  be  derived  from  the  symmetry  hour  of 
the  diurnal  curve  (HARNISCHMACHER,  E. ,  1950).  E.V.  APPLETON  a. d  A.J.  LYON  (I961)have  shown 
that  there  is  a  small  r.oor -shift  at  most  stations  which  can  be  positive  or  negative,  but 
R,  EYFRIG  (1962)  was  able  to  identify  certiin  positions  on  the  globe  where  this  shift  is 
zero.  Where  measurements  are  made  correctly,  the  total  dispersion  range  appearing  in 
monthly  mass-plots  Is  about  +6%  (RAWER,  K.  and  SUCHY,  K..  1967).  Slightly  larger  deviat¬ 
ions,  always  positive,  occur  during  solar  flares  (BIBL,  K, ,  1951).  Anyway,  the  fluctuat¬ 
ions  of  foE  remain  so  small  that  account  of  them  is  usually  not  taken  in  practical  applic¬ 
ations.  The  diurnal  "ariation  can  therefore  be  described  accurately  enough  with  a  simple 
law  depending  on  the  solar  zenith  angle,  e.g.  R.  EYFRIG ' s  (1960). 

3 . 2  The  Sporadic  E-Layer 

This  layer  is  a  particular  vase.  It  is  much  thinner  than  a  normal  layer  and  occurs  irreg¬ 
ularly  so  that  cnly  statistical  forecasts  can  be  obtained  (RAWER,  K. ,  1955,  1962b).  It 
is  often  structured  in  cloud?  so  that  a  critical  frequency  in  the  usual  sense  is  not  de¬ 
fined.  One  identifies  the  range  of  transparency  bv  two  characteristics,  fbEs  and  foEs 
(RAWER,  K.,  1962a;  PIGGOTT,  K.R.  and  RAWER,  K.,  1961,  1972). 

3.2.1  The  Blanketing  Frequency,  fbEs, 

is  defined  as  the  lowest  sounding  frequency  on  which  transparency  of  the  E»- layer  became 
apparent.  It  characterizes  the  conditions  in  the  first  Fresnel -zone  above  the  station  and 
corresponds,  roughly  speaking,  to  the  minimum  of  the  peak  electron  density  in  that  zone. 

In  many  cases,  where  Es  appears  on  ionograms,  fbEs  is  identic  with  foE;  this  means  that 
Es  appears  as  isolated  clouds  without  a  connecting  'stratum'.  We  shall  not  consider  this 
characteristic  further. 
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3.2.2  The  Top-Frequency r  f  0E1 

Is  defined  «•  the  highest  sounding  frequency  on  which  an  essentially  continuous  Es- 
trace  (ordinary  or  ionic  component!  was  observed.  It  characterises  the  quasi -maximum 
of  the  peak  electron  density  oc curing  ecmewhera  in  a  large  cone  around  the  vertical. 
Therefore,  in-aitu  measurements  use  to  coupare  better  with  fbEs  than  with  foEs 
(DROSS  et  al.,  1967).  Nevertheless  foE*  is  a  very  Important  characteristic  for  two 
reasons:  (1 )  geo  physics) iy  it  demonstrates  the  horfeontal  Inhomogeneity  of  the  Es 
'cloud-cover ' j  (2)  it  often  controls  the  maximum  usable  frequency  for  radio  wave  pro¬ 
pagation  (since  the  waves  are  reflected  or  scattered  from  isolated  Es-clouds) . 

At  temperate  latitude  Es  occurs  preferentially  in  rummer.  Its  statistics  reveals  that  it 
mustbe  aquasi-metooroiogical  phenomenon  (RAWER,  F.. ,  1955).  Though  experimental  proofs 
are  not  yet  final  present  theories  try  to  explain  the  phenomenon  as  being  due  to  ver¬ 
tical  plasms  redistribution  under  the  influence  of  wind  shears.  J.D.  WHITEHEAD'S  (1961, 
1962)  theory  requires  a  shear  in  the  zonal  wind  of  a  particular  sign  while  W.I.AXEORD's 
(1963)  theory  admits  any  sign  of  the  shear. 

At  our  latitude  Es  occurs  in  summer  on  almost  all  days  rather  regularly,  at  least  at 
day- light  hours,  but  the  values  of  the  top  frequency  are  largely  and  sometimes  quickly 
variable.  Taking  account  of  our  experience  with  foF2  we  analyzed  data  from  five  summer 
periods  for  which  the  planetary  conditions  were  easy  to  character ize.  The  tune  smoothing 
procedures  were  applied  as  described  in  Sect.  2.2  above. 

The  results  of  our  preliminary  analysis  are  shown  In  Figs.  6a  and  b.  Fig.  6a  is  for  the 
most  easy  case  where  the  planetary  Influence  can  be  neglected  since  Venus  was  far  away 
and  Jupiter  was  culminating  with  the  Sun.  Our  synchronized  analysis  superposes  two-woek 
periods  from  Nay  to  July  in  the  years  1965,  1906,  1971  and  1972  thus  covering  about  40 
week*  ol  1  together .  In  this  'package'  a  lunar  modulation,  similar  to  that  found  for  foF2, 
is  clearly  apparent:  an  afternoon  maximum  appears  around  full  and  new  Moon  only.  The 
second  maximum  is  well  visible  on  four  days.  There  is  only  one  (the  forenoon!  maximum  for 
half-Noon  conditions.  It  shows  a  shift  in  time  corresponding  rougnly  to  constant  lunar 
hour.  An  amplitude  of  more  than  1  MHz  is  reached  but  only  ar^.*'”4  1"  1..  *ne  appear. ng  ot  an 
half-day  wave  is  quite  similar  to  the  features  i».  rigs.  1. 

Another  result  Is  obtained  when  ;,,.<*  of  the  planets  is  culminating  off  from  noon.  This 
resuit  does  not  compare  •„ ith  those  for  foF2 .  In  Fig.  6b  we  have  the  planetary  culmination 
in  the  middle  of  fvienoon,  between  8  and  9  h  LT.  The  total  set  of  data  is  about  of  same 
importance  sir  that  used  m  F.g.  6a,  namely  from  June  to  August  in  1965,  1971,  1972  and 
1976.  .*  weak  second  maximum  appears  only  at  three  days  near  full  and  new  Moon.  The  first 
'forenoon)  maximum,  however,  is  now  modulated  vy  about  .5  MHz  m  amplitude,  the  greatest 
values  aoccuring  at  half  Moon,  quite  different  from  Fig.  la.  We  suppose  that  this  is  also 
a  planetary  influence. 


4 .  EFFICIENCY  OF  MAGNETIC  DISTDkEANCES 

At  temperate  latitude  magntilc  disturbances  are  known  to  nave  a  very  pronouced  effect  on 
the  F2-layer,  considerably  decreasing  foF2.  During  such  periods  the  lunar  effect  is  over¬ 
come  by  that  of  the  disturbance.  In  the  previous  chapters  we  i.ave  eliminated  this  undeslred 
interference  by  superposing  several  intervals  ot  two  weeks  each.  When  considering  many 
magnetic  disturbances,  we  found  that  '.neir  influence  on  the  iorosphers  was  apparently 
different  from  year  to  year.  The  'efficiency'  of  a  magnetic  dis  urbance  was  small  under 
conditions  where  Jupiter  and  Venus  were  far  away  and  much  larger  when  they  were  near  Earth. 
Restricting  our  analysis  to  summer  again,  we  found  that  in  addition  to  the  sunspot  cycle, 
the  probability  of  a  magnetic  disturbance  to  appear  seems  to  bs  larger  when  Sun,  Moon  and 
planet  Jupiter  and/or  Venus  are  nealy  aligned. 
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CONCLUSIONS 
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We  have  no  satisfying  theory  allowing  to  deduce  the  ooserved  phenomena.  The  tidal  acceler¬ 
ation  varies  with  mass  divided  by  the  cube  of  the  distance.  Compared  with  that  of  the  Moon, 
the  contribution  of  Venus  varies  between  about  0.2*10"®  and  55*10"®,  the  corresponding 
values  being  1,8*10"®  and  6*10-6  foi  Jupiter.  In  a  straight  forward  (linear)  theory  the 
corresponding  acceleration  vectors  are  just  to  be  added.  On  the  other  hand,  one  might  con¬ 
sider  indirect  effects  like  the  disturbance  of  the  lunar  orbit  prc.oked  by  the  planets, 
vbeying  a  law  with  the  inverse  square  of  the  distance.  Anyway,  we  cannot  see  at  present 
how  so  small,  contributions  might  have  a  visible  effect. 

On  the  other  hand,  since  we  feel  that  *ie  have  now  empirically  established  planetary  effects 
upon  foF2,  even  on  foEs  and  potentially  on  the  efficiency  of  magnetic  disturbances,  we  su* 
ose  that  some  specific  mechanism  is  in  the  game.  This  could  for  example  be  a  resonance  which 
might  be  perturbed  by  small  additional  forces  attacking  out  of  thephase.  It  is  probable  that 
there  exist  complicated  wave  patterns  in  the  upper  atmosphere  which  might  be  more  easily 
triggered  by  the  lunar  forces  when  planetary  disturbances  are  absent. 


There  are,  of  course,  other  causes  of  fluctuations  for  which  no  long  term  prediction  is 
feasible:  (1)  the  changes  occurtng  during  magnetic  disturbances,  which  last  in  most  cases 
only  two  days;  (2)  the  quick  (20  min)  fluctuations  also  known  as  'travelling  ionospheric 
disturbances'  stem  probably  from  internal  gravity  wave*,  in  the  upper  atmosphere.  Our 
Investigation  shows,  however,  that  the  regular  tidal  variations  which  occur  mainly  with  a 
period  of  two  weeks,  are  not  only  quite  important  (at  least  at  certain  hours)  but  can  also 
fee  included  in  daily  forecasts.  This  has  teen  shown  for  summertime  foF2  at  Freiburg,  to 
some  extent  also  for  foEs. 
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Fig.  la  Daily  curves  of  fo.F2  (smoothed  as  explained  in  Section  2.2),  compiled  with 
lunar  synchronization  from  comparable  periods.  Jupiter  aligned  with  Sun. 
Double  peak  appears  at  full  and  new,  mono-peak  at  half  Moon. 

Legend :  (also  for  following  figures): 

-  thick  lines:  culmination  hour  for  Sun  (full),  Moon  (broken)  and  planet 
(Jupiter, dash-dotted) j 

-  thin  lines  :  rise  and  set  hour.  Right  hand  curve;  smoothed  Ap-value. 
vertical  scale:  Gne  hatched  range  equals  .  S  KHz. 
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Fig.  1b  Hater  level  at  San  Francisco  (top)  and  Manila  (bottoss)  in  March  1936. 
Source:  DEFALT,  A..  18S7,  “Flutwellen  und  Geseiten  dea  Messers* , 
Handbuch  der  Physik  48.  846-827,  Fig.  12. 


Fig.  2e  Jovian  phase  -1...-2  r. 


Fig.  2 


Dally  smoothed  curves  of  faFJ  as  in  Fig.  ta.  Jupiter  and  Venus  far  from  Barth 
phase  difference  between  Jupiter  and  Sun  variable. 
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Fig.  3a  Jovian  phase  0...I  h 


Fig.  Jib  Jovian  phase  about  -4  h 


Fig.  3  Dally  ssMxithed  curves  of  foF2  as  in  Fig.  2,  but  during  decrease  of  solar  cycle 
(Hatching  code  different) .  Jupiter  near  Earth. 


*956  64  VI  vll 


0  K)  JQ  Ap 


0  3  <  6  8  to  IJ  K  16  ift 


20  22  u 


Dallj  smoothed  curvo'  of  r.ivi  ,  r. . 

Venus  near  Karth.  ^notary  position  moaj  vlZs  ho'c^'v  COd°’ '  Ju»)Ut'V  far  from 

hc‘°-  vvnuSlan  phase-  about  -i  h 


1969  VI 

J  V  J  v  J  V  J  V 


Esssaasr— 

WV  -  >- 

y  vJ<«'  ^aa4ft  iacc  ■» 

*Wi*?S;5xls«>'4l 


0  10  20 

Hi  -  .  * 

.  AP 

\$ 

■/ 


0  ?  *  6  8  10  12 


i  M  -"M 

’*  16  *3  10  22  2i  R?  1 


Dally  smoothed  curves  of 


SUR  U  DETERMINATION  OK  LA  Wjr  CLASSIQUE 
Par  R.  RAN* ABA 

Ccntr*  National  d’Etude*  dra  TAlAcoaxxmication* 
DAparteaant  K.  I.  R. 

22JOI  LANNION  (FRANCE) 


Le  calcul  d#  la  frequence  la  plus  Atrvfe  A  laqurtle  de»  ends*  radio# led  riquex  pruvrnt  *«*  pro- 
pi|«r  par  rfflexion  ionotphfriqu*  entrr  deux  point*  donn#»  eat  gAnfralewnt  b»»#  *ur  unr  reprfaentat ion 
de«  Mode*  d*  propagation  par  dr*  trajrta  ractilign**  entrr  1?  to!  rt  dr*  point*  do  rAflrxion  dan*  1'iono- 
aphfre.  En  t-doptant  1*  ar>dAl#  quui  parabolique  do  v»riation  aver  1‘altitudo  dr  le  concentration  Aleotro- 
nique  dr  BRADLEY  rt  DUDENEY,  da*  rxprrsaion*  analytiqur*  do  la  l„ngueur  d'un  bond  ionoaphfrique,  do  le 
HUF  at  de  1'angto  d'#l#vction  du  paroour*  radinelactrique  pruvrnt  etre  oh tonne*. 


Toutefoia,  pour  dr*  application*  pratique*,  il  eat  n#ca*aairr  d’utilierr  .sne  aft hod*  qni  suit 
auaai  aiaplr  qua  possible.  Una  afthod*  "aamiellr"  da  dftrrainat  ion  do  la  MUF  et  dr*  a.'glea  d'A-lAvation 
do  pcrcour*  radiaflectriqu#  a*t  p<-#*entA*. 

I  -  INTRODUCTION  - 


La  problfa*  pratique  A  r#»oudre  *»t  calui  qul  ron*i*tr  A  calcnler  la  frfquence  1*  pin*  Alevfr 
A  laqurllc  da*  onde*  radio*  ieetriquea  pruvrnt  »e  propager  par  reflexion  .onoaphAriqur  out rr  drux  point* 
donnfs  au  *ol. 

Paux  aAthode*  devaluation  da  cettr  Unite  auprrieure  dr  frAquence  (HUf)  pruvrnt  ?trr  onvi**g#r*. 
En  effat,  las  trajactoirr*  dr*  ondea  pruvrnt  etre  dftenair.fr*,  par  exettple,  pour  unr  auitr  dr  frequence* 
crolaaantr*  juaqu'A  re  qua  lr  groupe  d'ondra  nr  puiaar  pin*  i'trr  r#fractf  par  I'ionoaphfrr  rt  parvrnir  au 
lieu  dr  rfcepcion.  Dour  #r  fairr,  un  awdfle  dr  distribution  vertical#  dr  la  concentration  flectroniquc 
doit  etre  prfatablrarnt  d#fini.  laa  coordonnfe*  gAegraphique*  dea  point*  pour  lraqurl*  cr  nodMe  doit 
Ctra  ftabli  ainai  qua  l'anglr  d'flAvation  at  l'«ti*tut  d*  d#part  du  parcotira  radioflectrique  »e  dfduiaent 
d'algorlthaa*  itfretif*.  Catta  procedure  iaplique  «**  calcula  tr#»  long*.  Kite  n»  prut  etre  e*q>lov#»  qur 
pour  dr*  ftudes  pert icul iArea  do  propagation. 

La  aevonde  wethodr  fait  apprl  A  dra  rxpreaaion*  analytiqur*  reliant  lx  longueur  d'un  bond 
ionoaphAriqi** ,  1 'angle  d'Altvation  dr  parcoura  rt  la  frAquence.  Lour  dra  module*  ionoaphfrique*  *i«plo*. 
da*  solution*  ont  At#  prfaentfe*  par  CROFT  rt  H00GAS1AN,  WF.STOVER,  FOI KKSTAD  r:  NIELSON  dan*  un  nusaAro 
apfeial  dr  la  revue  "Radio  Scier.ca"  (!%8). 

Dea  ModBloa  ionoaph#riqurs  plua  r#a!i*t*i  ont  ft#  dfveloppf*  drpui*  cetfe  dale.  Le  profit  dr 

distribution  vertitalr  dr  ta  concentration  Alectronique  qur  noua  avon*  adopt#  a  #t#  Alabor#  par  BRADLEY 

rt  DUDENEY  (1973),  11  *r  coapos*  dr*  flfaanta  auivants  (figure  I)  : 

«)  Ut»  couchr  K  pcraboliqi-r  *itu#e  en  d#*»cu»  dr  la  hauteur  hrS  dr  aa  frAquence  aiaxiaale  dr 

plasat*  fOK  *t  ayant  unr  dr*!i-#pai;avur  ynt,  :  ’*»  valeur*  dr  h*£  rt  y*E  *ont  »uppoa#»*  conatantr*  et 

rctpaceivearnt  Agalet  A  110  ku  et  <0  kn. 

b)  Unr  couch#  F2  #galet*rnt  paraboliqu*  *itu#e  en  drsaoua  de  la  hauteur  h»F2  dr  la  frfquence 
aaxiaale  dr  plaasa  foF2  rt  nyant  unr  deni -Apaiaaeur  y*F7  ;  lea  vaieure  dee  par*»#tre*  h»F2  rt  y»F2  ae 
drduixent  d'fquationa  rapir.que*. 

c)  Un#  augaantation  Unfair#  dr  la  dentil#  ftrctroniqur  *vrc  la  hauteur  ;  erttr  r#gion  a'ftrnd 
u.>  la  hauteur  h*£  au  point  dr  la  couchr  F2  paraholiquo  oD  la  fr#qurncr  dr  plasaui  fj  rat  #gal*  A  i,7.J0K. 

Cr  aodflv  prfaente  un  grand  intfrft  pour  lr*  calcula  de  propagation  ionoaph#rique  : 

d)  Lr*  hypothfart  aiaplif icatriccs  introduitr*  #n  p*r»ettrnt  unr  utilisation  pru  on#rrutr. 

•)  La  prfeiaion  dr  ertte  rrprAarntation  eat  auffiaantr. 

f)  Laa  parc«Atr«c  dr  cr  aoddtr  ao  dfduiaant  da*  valrur*  dra  caractAriat iqura  ionoiphrriqur* 
qui  aent  rfgulifr*«ant  aaaurfr*  rn  un  grand  noabrr  d»  atationa  de  tondagr  (P1C00TT  et  KAVER,  !972)  rt 
pour  laa  quail**  on  diapoae  d#  afthodaa  d»  prfviaiona  pour  un  lieu  gAographiqua  rt  un#  pAriod*  qurlconqur*, 

Da*  axpraiaion*  analytiqur*  reliant  la  longueur  d'un  bend,  1 'angle  d'AlAvation  du  parcour*  ra- 
diodlactriqu*  at  1*  frfquanc*  ont  ft#  obtrmte*  pour  cr  »odAl#  (HILSOM.  1977  ;  CCtR,  I97B).  8i#n  qur  lr* 
atfata  du  chacp  gfoaagnftlquc  aoirnt  nfgligfa,  laa  . alculs  aont  encore  trfa  long*  et  ii  cat  coutrux  d’Ata- 
blir  ainai  rAguliArawnt  dta  prfviaiona  ionoaphfriqur*. 

Un#  Mfthod*  auaai  ai«pl*  qua  poaaibl*  rat  don/  donnf*.  La  HUF  ot  Ira  anglr*  d'flfvation  du  par¬ 
coura  radio# lactriqu*  •>/  dtiduiaent  d'axpraaaiont  analytiqur*  trA*  aiaiplr*  rt  do  tableaux  dr  valrur*  mn*f- 
riqut*  calculfaa  un*  foia  pour  touts*. 


I?0 


i  -  DmUWHATIP*  P?,5  TMJtervtKSS  txs 


La*  tiajtetoir'sa  4a»  on4aa  radio# lactriqua*  aont  obtanua*  pa r  integration  nukArique  Ju  ayatAat* 

4 'Aquation*  aux  4#riv4e*  partialis*  4#  Hiaalgroa*. 

SVaiva  oe  type  4a  oAtfeoda,  i'ihJioe  4<  rAf raesiun  <la  l 1  i onoaphAra  *al  raiculA  an  chaqu*  point 
J'iutAgration,  it  taut  done  connaftre,  an  tout  point  4*  I’aapaca,  la  JenaitA  Atectroniqua,  I*  cliaMp  *#,«•*- 
**4t iqua  at  la  frAquenca  4a  collision*  #lectroftiqu«*.  Si  la  frAquance  4*  collision*  peut  Atra  raiaonna- 
hianant  0**11***,  il  n‘an  act  pat  4o  mita  4a  rhavp  gAcxMgnAt iqua .  II  n'aat  toutafoia  p«a  nceaaaaite  4*in- 
Cro4uir*  un  pn'trww  ttA*  A !«hor#  4a  calculi  J*»  coapoaAntat  4a  ca  chakp  at  I  ‘hypothAaa  4'vm  chaup  4»po- 
laira  act  «ut'(iaanta. 

Noua  o ‘*vo«»  paa  iatroduit  4a  jraJien;*  horitontaux  4* ioniaat ion,  IV*  profit*  4a  4i*trihnt ton 
vertical*  4a  lc  JanaitA  Alectroniqu#  ont  At#  JAfini*  4  partir  Ja»  oalcura  n*4ianaa  atanauellaa  4a  pai*a»>- 
tra*  ionoaphAriqua*  ohtenua*  aux  nation*  4e  aonJage  4a  Dakar,  Fort-Archaohault ,  Kargualen,  Ouagadougou, 
Portion,  Tahiti  ot  Tarro  AdAlia  pour  utt  grand  noafcra  4a  p»rio4oa  coapriaa*  antre  19fi ?  at  !«?*. 

La  rAfncticn  trvpoaphArique  paut  ftra  nAgllgAa.  tn  off#:,  an  aa  Unit  ant  4  4aa  an* l a*  4’elov*~ 
lion  supfrianr*  4  •  dagrAa,  noua  atuttron*  qua  1'arraur  aur  la  diatanca  franchio  a  vac  una  aaula  reilaxion 
tonoaphAriqua  reata  infAriaure  4  21  k«  i  1'arraur  aur  t' angle  4’AlAvation  cat  infArieur#  4  0,'  4*av*. 

il  oat  h»«n  connu ,  qua,  pour  un  ooJAl#  4a  4*n»it#  Aleut roniqua  at  una  frequence  t  4onnea,  la 

4iatanca  t  ranch!  a  an  nn  aaul  bon.i  par  on  rayon  Ant*  Jan*  un  aainut  4a  la  rain  A  paaaa  par  una  valaut  kini* 

«al*  4»i«  poof  una  valaur  particuUAr*  4«  I’angl?  j'AtAvation  P  Ju  rayon  4  aon  4*p»rt  4u  ac-1 . 

On  a  taprAaentA  aur  ta  fi*ura  l  1'arraur  qua  I'on  coaanttreit  aur  )a  paraaaAtra  4»in  an  nAgli* 

gaant  la  cheap  gAcaiagnAtiqu*,  pour  t  paititXii  gAographtqoe*  4a  1  '*o»t  tour ,  an  function  4a  l'aiiaut  Jan* 
laquat  a#  fait  catta  oe.it* ion.  Loraqua  la  latitude  geowaguet iqua  rvata  aancihlaaant  conatanta  cut  tout* 
la  longuaur  4a  la  liaiaon,  t 'accroiaaaaant  eorraapooJant  4a  4«tn  aat  t ri»  fait.le.  fat  contra,  loraqua 
I'ActiaxUnt  a«t  fait*  vara  la  MorJ  ou  vara  la  Sud,  I'acrrotaaaiaant  4r  Jain  na  pant  pin*  atra  neglige.  t'at 
accroitaeacn.  44croi  t  gAnaralaaent  a  vac  ta  latittid*  g#o*ugu#t  iqua  (figure  t) .  Tn  nfgiigeapt  la  ciiakp 
*A«CM*nAt iqua ,  1'arraur  aur  la  valaur  Calcutta  4a  l'an*ta  j'cltvat'on  o»  p«>cour*  ra,l  'Alactriqua  aat 
tria  faihia  :  alia  attaint  una  valaur  auxiiula  4a  0,t  Je*r4  pour  Jar  trajactoiua  parallttaa  aux  li*naa 
4a  lorca  du  chaup  *AiUM*tttt  iqua . 

La*  variattona  4u  rapport  T/foPi»  appalA  “(a,. taur  4c  4ii':an.-a  Ha"  an  function  via  ,l*in  ont  at* 
analvafa*  pour  ta  «o4a  ordinai  r* ,  1^  Uni  ta  aupAriaura  4aa  (rcquancaa  propa*0«*  pat  ca  aaslu  (>aut  alota 
a'Acrtta  ! 

m-p  «  tor;  .  % 

\#»  prAviaicuta  pour  la  propagation  i,xtoaphAriqua  A’.ant  AtaMia*  pout  4c»  prohahilitfs  4'aaautat 
una  Uaiaon  allant  juaqu'4  l  4u  t cap* .  laa  calculi  ont  At#  cf fretue*  an  choiaiaaant  4aa  c.'t'TvlnnnAa'  at 
un  aciaut  pour  taaqual*  ta  valaur  calculAa  4a  >Vt  aat  nininala. 

5  *  i'ALCll  4a  la  WT  at  4a  1  ‘ tMCXX  P'Kl.rVAiUW  PO  MKOWKS  KADlOKUvtTKUyUC  A  ‘.A  HUr 


'<  >  '  Li;4lS.8SCtU25JIt-4lS-llSaatUSt2-StUiSlii£i.EaE-ii,£aiiife£-l-!12»£ls " 


Aux  Jiatanca*  infctiaura*  4  ijqi  k»,  la  ewteha  4  pout  occuttar  coaq'lAtancnt  Ua  couchaa  iooi- 
afla*  4a  ia  rA*i,Ht  F  at  iapoaar  4  alta  xaula  la  Unita  aupAriaura  ua  ta  hanJa  4a*  frOquancaa  utiliaaMaa, 

11  luff  it  alora  ,*'una  aAria  4*  valaur*  4u  paraatAtra  Hi  p,*ur  ralcular  la  Ki>F  tfigura  *>.  l*'«n*la  J'AtAva- 
tion  tn  Ju  rayonnaannt  pantattant  alora  4'aaturar  la  liaiaon  eat  petit  at  nettocant  inferiaur  4  I'anpta 
qua  prAaentarait  una  pr,'pa*ation  par  F  tfigura  M. 

-  l£isUt,sii8Sltssrt-45»-!iis«D£S2.sS£]2s:lsisi-E5f-i*.i£ii«-?- 

ijt  fot *m  4a  la  region  F  Atnnt  variahle,  una  aAria  de  valeura  4«a  paranAtraa  Hi  at  Am  pour  4tff*' 
rantca  4iatancaa  n'aat  plua  auffisant*.  Oana  una  pwmiArv  approxinat ion,  il  eat  poaaiMe  ua  reJuirv  la 
4iap«raion  4a*  valour*  4a  caa  parataAtra*  tn  introjuiaant  la  factaur  MJOOOf.'  nata  coa  valaur*  JepenJant 
Agalawnt  4a*  autraa  caractAriatiquaa  ionoaphAriquan  4*fini»»ant  lo  profit  4’ ioniaat  ion. 

Da*  Aquation*  enpiriquaa  reliant  H)  at  Am  4  la  4i*tanca  4  at  4  cea  caractAriatiquaa,  4  aawir 
f<«,  foFJ,  WOOOFJ  at  b'f  (vhi  h’r;),  ont  At#  Atahliaa  (on  oltoiait  U  valaur  h’r  ou  h‘jr.*  qui  raprAaenta 
la  hautaur  4«  rAflaxiou  virtualla  niniwal#  aur  la  couct.a  FJ7. 

Prat iquaaant ,  laa  relation*  auivantea  aont  utiliaAa*  : 

Hi  •  Hr  -  («o  (4) .  «m  ♦  « Hi) 


*H  ”  y*r: 


O 


l,K  .  \o'' 

N*f;  -  f»f; 


<  s 
(  T-  > 


7 


Av#c  i 


S7»3 


lea  valeura  do  paraaltrea  j  «t  y*f2  eont  donnfea  pci  lea  dquatioua  enpiriquea  (SkADlX?  «t 
DUDKJffit.  S 973) 


.  _ i«vu _  . 

*F2  “  H3000F2  ♦  SIT  ' 


0,18  0,096  (812  -  23) 

X  -  1,4  150 


Lora^ue  foF2  «  1,7  ,  fOE  ,  X  *  1,7  ;RI2  cat  ia  ■eyenne  gliaaante  aur  12  moia  du  noabre  de 

tachca  aolair<ja, 

•*  !  ymF2  "  h»F2  '  h"  +  *h’ 

-x  ia  «  0*86 

«**  -  <f^>  .  0V2  -  >04) 

h*  -  h’F  ou  h’F2 

Avet  !  j  35  <>  yoFI  .f  -  110 

(  yttF2  "  0  p°ur  *  “  !»7 

Mq  et  aQ(d)  aont  respectiveaent  donn<a  pat  lea  figurea  6  et  7.  A  trsduit  la  d ini  union 
du  "fecteur  d«  diatance"  pour  lea  faiblea  valeura  de  foF2  :  ' 

4K.  -  18,182  .  a’  (d)  .  a  (foF2  ,  M3000F7) 

4  C 


a;<d)  - 


a^fd)  pour  d  <  3000  kai 


a^OOOO)  pour  d  '  3000  ka 


a(foF2,  H3000F2)  cat  la  plua  grande  dca  deux  valeura  cy  <foF2,  M3000F7>  et  0  : 

aF  (foF2,  M3000F2)  -  56,575  -  14.712.fof2  ♦  l,587.foF22  ♦  1 .094.WOOOF22  -  IO, 187 .K3000F2 
pour  foF2  <  4  HHx  ot 

n  ff  - - -  _  (7  -  foF2>  •  (K3000F2  ♦  0,533  foF2  -  5,931) 

ar(foF2,M3000F2)  -  oJZTTM-i  -  l7!M“ 


pour  foF2  >  *  HH*. 

Dene  le  cea  particulier  oil  y>F2  eat  *gal  i  35  k»,  on  poae  : 

1*90 

*M  *  H5535FI  '  176  '  h 

L’angle  d’Alfvation  l  la  NUF  peat  ae  diduire  de  relationa  aimilairea  : 

8^  -  8q  ♦  (5  .  'O'3  .  xg  ♦  ASjyj) 

Av*C  '•  .  1,70  .  I05  ,  f0E, 

*  *  y«F2-  1  1  '  h  -  7 -  •  (f - )  > 

naF2  yatf2  uF2 

La  figure  8  donne  la  relation  qui  exiate  entre  D0,  d  et  K3000F2.  d#aigne  l’augaentation 

de  I'angle  d’*14vation  pour  lea  faiblea  valeura  de  foF2  : 


f  1.2  *  0,2*. 
/  0 


foF2  pour  foF2  *  5  HHr 

pour  foF2  >  5  ttta 


I.oraque  y  .  eat  <gal  4  35  km,  on  poae  : 


!?«* 


“  -  i-xnm  se  u  distant  au  sot  francs it  avsc  ux*  mu  wmxKM  lowosmEious 


?*vr  i}vs  1 ' ant;’.*  d'iUvatioa  du  parcours  -..-aSiotlaetriqu*  salt  *u,-6ricur  A  2  Jeff# ,  la  distance 
maximal*  <ju * < X  *»t  poasibla  da  fraochlr  avtc  <me  saulc  rBflaxion  aur  la  ccuche  E  oti  fgt’.c  i  2250  km. 

toraqcv:  1*  rayon  art  rdfract*  dans  la  fusion  t,  r»oua  adomttrons  qua  cette  Uaito  n'aat  function 
qua  du  factaur  ;.iOCC>F2  : 

d  -  6585  -  (87S.N3000F2) 


5  -  CONCLUSION 


Lea  hypotheses  aiapl i i icat r ice $  dferites  sent  crit  utiles  «•**  ealcuta  de  privisions  pour  Is 
propagation  ionosph^riqu#  da*  ondo  radioflactriqu^a.  Bias  qua  cetta  mfthc-de  eat  avant  tout  deatin#*  aus 
priviaiona  1  long  tens*,  alVe  ait  £galement  applicable  an  conaidirant  tea  variations  d’vn  jour  A  1‘autre 
das  caract*ristiqu«a  ionoaphdriquaa. 

Cee  c»l>:ule  feront  I'objec  it  verifications  cxpAriawntales  axploitant  las  corngietrement  an 
court  du  champ  da  1  * onda  ionosphfrique  eu!  dea  "liaisons  testa”-  On  a'attachera  1  4twJtior  plus  particu- 
UireBtHt  la  rSle  das  gradients  hor i tentaux  da  danritd  Alactroniqoe. 
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LESgKDFS  DES  FICDF-ES  - 

Figure  I  -  Module  ionocphfrique  de  SUABLE*- DUDEHEY . 

Figure  2  -  Erreur,  en  coettant  le  chasm  ^.-.iiagnetique ,  sur  1 ' Evaluation  de  la  valeur  minisale  dain 
de  1*  distance  franchie  evec  one  aeule  rfflexion  icmosphfrique  en  fouction  de  I'aziaut 
dans  Jequei  one  onde  rad  oflectrique  de  frequence  10  HH.z  eat  dsiae  en  un  point  ee  lati¬ 
tude  gfcsagnStique  : 

1  0* 

2  30* 

3  60* 

(paramftres  caractfrictiques  du  sodfle  ionospherique  : 
foF2  *  4  MHz,  fOE  -  0,3  MHz,  •  330  km,  -  3!  ko) 

Figure  3  -  Erreur,  ec  ooettant  )e  chsaq>  geomagnf'ique,  aur  l'fvaluation  de  la  valsur  ainimale  dain  de 
la  distance  franchie  avec  uno  aeule  rfflexion  ionosphf rique  en  fonction  do  la  latitude  gfo- 
nagritique  du  point  d'oO  une  onde  radioeieetrique  c-jt  fmise  dans  1‘azimut  ISO*. 


(frequence  d' emission  :  !  13  Ifii- 

2  10  MHr 

3  7  MHz 

4  5  MHz 


parrjsetrea  caractfrietiques  du  module  ionosphfrique  :  fcF2  «  4  HHs,  fOE  •  0,5  MHz, 
hEf2  *  330  kB’  ysF2  *  S1 

Figure  4  -  Variation  dss  paraaetre  avec  la  diatanre  pour  une  onde  radioflectrique  rfflfchie  par  la 
couche  E  normal e. 

Figure  5  -  Angle  d'flfyatioa  8»j  d'une  onde  radioflectrique  rfflfchie  par  la  couche  E  nonnale. 

Figure  6  -  Variation  du  paramctre  Mo  avec  la  diztance  pour  uno  onde  radioflectrique  rffractfe  dana 

la  rfgior.  t  pour  differentea  valeurs  du  paraaetre  M3000F2. 

Figure  7  -  Variation  du  psrsaecre  a^fdl  avec  la  distance. 

Figure  8  -  Variation  du  paraoetre  Bn  avec  la  distcnce  pour  unc  onde  radioflectrique  rffractfe  dans  la 

rfgion  F  pour  difffrentes  valeurs  du  paraaftre  M3000F2. 
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HIGH  LATITUDE  IONOSPHERE  EFFECTS 


The  ionosphere  in  middie  and  low  latitudes  is  predominantly  controlled  by  solar  UV  radiation.  The  polar  ionosphere, 
however,  is  controlled  besides  UV  radiation  mainly  by  solar  particle  radiation.  The  intensity  of  the  UV  radiation 
except  during  solar  flares  only  shows  little  variation  from  day  to  day.  The  particle  radiation,  however,  is  very  irregular 
in  intensity.  Therefore  in  polar  regions  the  HF  propagation  conditions  show  complete  other  features  compared  to  lower 
latitudes. 

The  solar  particles  precipitating  in  the  polar  ionosphere  are  also  call  ;d  aurora?  electrons  and  protons.  These 
auroral  particles  are  produced  as  the  result  of  the  interaction  between  the  earth's  magnetosphere  and  the  solar  wind. 

A  useful  classification  of  auroral  particles  from  the  HF  propagation  standpoint  is  in  terms  of  the  altitude  regimes  in 
which  the  precipitating  particles  produce  maximum  ionization.  Thus  electrons  of  (a)  "vO.l  keV  energy  produce 
ionization  principally  in  the  F-region,  (b)  1-10  keV  in  the  F.-region  and  (c)  >40  keV  in  the  D-region.  These  three  classes 
of  auroral  particles  have  their  principal  sources  in  three  fundamental  domains  of  the  magnetosphere,  (a)  F  ('v-0.5  keV) 
particles  arises  from  the  magnetosheath  (the  thermalized  solar  wind),  (b)  F.  (S-10  keV)  particles  from  the  plasma  sheet, 
and  (c)  D  (>40  keV)  particles  from  the  so-called  trapped  radiation  or  Van  Allen  belts.  Therefore  the  morphology  of  the 
magnetospheric  domains  and  where  they  map  down  into  the  ionosphere  determines  the  spatial  and  temporal  character¬ 
istics  of  the  auroral  ionospheric  regions.  The  auroral  particles  produung  lomzarion  in  the  E-  and  F-5ayer  influence  the 
MUF  and  those  producing  D-region  ionization  the  LUF  in  HF  communication. 

In  addition  to  particle  energy  a  further  necessu*y  distinction  is  spatial  structure  of  the  precipitation.  This  is 
particularly  evident  in  the  E-layer  (1-10  keV)  ionization:  The  structured  component  gives  rise  to  the  discrete  auroral  arcs, 
rays,  etc.,  which  produce  a  variety  of  types  of  sporadic  E;  the  unstructured  component  gives  rise  to  the  continuous 
aurora  the  major  component  of  the  mantle  and  diffuse  auroras  -  which  produces  the  auroral  E-layer  (also  known  as 
particle  E  and  night  E)  with  a  definable  critical  frequency.  The  F  and  D  auroras  have  similar  structured  and  unstructured 
components. 

The  aurora!  particles  (>40  keV)  producing  ionization  in  the  D-region  have  a  strong  influence  on  the  LUF  in  HF 
communication.  In  former  years  i*  was  nearly  impossible  to  carry  out  quantitative  measurements  of  the  often  occurring 
extreme  absorption  in  polar  regions.  In  1956,  the  tiometer  was  shown  to  be  a  powerful  tool  for  ass  in  the  study  of  high 
latitude  absorption.  In  particular,  it  allowed  for  a  distinction  to  be  recognized  between  "polar  cap"  absorption 
caused  by  solar  protons  of  10-100  MeV  energy  ejected  during  very  strong  flares  and  what  now  came  to  be  called 
"aurorar’  absorption  caused  by  auroral  particles  >40  keV.  There  are  good  resaons  for  considering  the  nometer  the  best 
hope  for  establishing  an  adequate  data  base  for  the  prediction  of  auroral  absorption  effects  on  HF  communication  circuits. 

Studies  given  the  phenomenon  known  variously  as:  “the  no-echo  condition”  "polar  blackout",  “auroral  zone 
blackout”,  and  now  “aurora!  absorption”  have  t  en  fruitful,  and  there  have  been  “breakthroughs.”  but  much  more 
remains  to  be  done.  Questions  remain  about  the  geographic  distributions,  the  temporal  variations,  and  the  relationship 
with  polar  cap  absorption  or.  one  hand,  and  with  magnetospheric  substorms  on  the  other. 

Recent  experiments  carried  out  in  the  field  of  “Direction  and  Doppler  Characteristics  of  Medium  and  Long  Path  HF 
Signals  within  the  Night-Time  Sub-Auroral  Region"  suggests  the  persistent  existence  of  two  relatively  weak  propagation 
modes  in  the  evening  subaurora!  region  which  may  be  used  to  extend  the  range  of  operating  frequencies  normally  used  for 
communications  and  surveillance  well  above  the  very  low  F-mode  MUF’s  normally  present  for  that  time  and  region: 

(a)  A  spc-radic-E  mode  which  is  characterised  by  a  narrow  Doppler  spread.  It  is  centered  close  to  great-circle, 
and  it  possesses  an  amplitude-dependent  spread  in  direction  of  the  order  of  8  degrees  for  moderately 
strong  propagation.  This  mode  shows  appreciable  variation  in  strength  from  evening  to  evening,  as  well  as 
moderate  variations  within  the  course  of  an  evening. 

(b)  Skip-distance-focussed  ground  sidescatter.  This  mode  occurs  in  directions  well  *o  the  south  of  great-circles, 
and  involves  propagation  times  much  in  excess  of  typical  great  circle  modes.  It  is  more  constant  in  strength 
than  the  Es  mode. 

The  relatively  weak  nature  of  these  2  described  modes  would  have  to  be  considered  in  planning  for  their  use. 
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•n  the  (kid  of  ”HF  Propagation  Simulation"  advances  in  ionospheric  modelling  and  numerical  ray  tracing,  over  the 
past  few  yean,  have  been  aainiy  directed  toward  the  solution  of  specific  applied  problems  in  HF  propagation. 
Ionospheric  models  have  achieved  greater  versatility  in  computational  terms  and  .’artier  models  have  been  modified  to 
better  present  polar  ionospheric  features.  The  calculation  of  radio  absorption  has  been  improved  and  deviate  absorption 
can  now  be  estimated  accurately .  Numerical  my  tracing  techniques  developed  in  the  1960s  have  been  given  a  similarly 
expanded  versatility  permitting  their  appli'stion  to  a  wide  range  of  problems. 

Presented  examples  illustrating  recent  applications  of  current  HF  propagation  simulation  techniques  include  the 
estimation  of  HF  auroral  clutter  impact  on  an  OTH  radar,  the  investigation  of  the  ionospheric  iris  effect  in  ground-satellite 
propagation,  the  effect  of  TiDs  on  backseat  ter  ionograma  and  the  real  tine  updating  of  an  ionospheric*!  model  and 
computation  of  ionospheric  ducting. 
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V  progs  fa  tioa  at  hi ah  latitadaa  is  controlled  by  the  high  latitude  iaaoaphara  which  ia  torn  controlled 
la  largo  part  by  precipitating  auroral  parti c loo,  electrons  and  protons.  Ihaaa  auroral  particlac  aro 
p rodeoed  aa  tba  roawlt  of  tba  iatoraotiea  batwaam  tha  earth's  nagnstoephere  and  tba  solar  wind,  it  ia  tho 
parpoaa  of  this  papar  to  daacriba  tha  gaaaral  domains  of  tha  high  latitude  ionosphere;  to  show  how  thsaa 
domains  ralata  in  spaoa  and  time  to  general  aagnstoaphsric  domains;  sad  to  show  bow  thsaa  rotations  aid  tho 
aadarst rating  of  IV  propagation  in  tha  high  latitadaa. 

In  addition  tha  pvtiela-prodaoad  lent spheric  B  region  naar  midnight  dspanda  quantitatively  on  plasaa 
shoot  props rti ssi  oucarraaoa  of  auroral  sporadic  I  of  about  IS  alauta  duration  raaalta  froa  plasaa  flows 
in  ths  plasaa  sbsati  auroral  X  layer  halght  and  latitudo  prof ilsa  dapond  on  ahast  temperatures  and 

othar  properties,  ths  dofialtioa  of  which  will  require  further  investigation  both  by  satellite  and  by  iono¬ 
spheric  techniques. 

Classiflcstioa  of  Auroral  Particles  by  Xwarqy.  hr  Hssostosohsric  Aeelaa 

A  useful  classification  of  auroral  particles  oa  aa  ionospheric,  hsnea  propagation,  sense  is  in  terns 
of  tbs  altituds  regime  la  which  ths  particles  pet  doc*  narlari  ion ration.  Thus  electrons  with  kinetic 
energy  of  ~  0.1  kev  produce  Ionisation  principal! y  in  the  P-region;  1-10  kev,  the  S  region;  £40  kev,  the  O 
region  (Mans,  1944) .  (Protons  occur  ia  similar  categories  although  the  energies  necessary  to  roach  these 
regions  are  higher  by  n  factor  of  4;  for  example,  4-40  kev  protons  prodocs  aa«l—i  ionisation  in  ths  X 
region,  lather  shd  Burrows,  IBM). 

These  aaae  .1  particle  energy  classes  also  haws  precipitation  patterns  with  separata  spatial  and  teaporal 
identities.  Thsaa  patterns  result  froa  the  fact  that  tha  energy  classes  haws  their  principal  sources  in 
three  fundamental  domains  of  ths  magnetosphere.  Thus  P  (-0.1  keV)  particles  arise  from  the  magnetosheeeh 
and  ere  solar  wind  particles  which  are  thersmllsed  in  passing  through  tha  bow  shock;  Z  (1-10  keV) .  tha 
pleres  sheet;  0  ( 140  kaV),  the  Van  Allen  or  trapped  radiation  belts. 

Pleura  1  shows  schematically  a  modal  of  tha  magnetosphere  in  noon-midnight  cross-section  In  which  these 
domains  and  their  appropriate  energy  populations  are  identified. 

It  might  be  wall  to  note  that  tha  P  («0.1  keV)  magnetoeheatk  particles  represent  the  part  of  tho  aurora 
which  la  bast  understood  aa  to  tha  scores :  therealiasd  solar  wind  particles  which  gain  entry  to  the  dayside 
ionosphere  through  the  so-called  magnetoepberic  cusps.  Mow  those  solar  wind  particles  gain  entry  to  the 
plaau  sheet  (if  indeed  they  do)  end  further  how  they  ere  energised  by  a  factor  of  10  to  130  Is  not  under¬ 
stood.  Furthermore  how  the  plasms  sheet  particles  ere  further  energised  so  as  to  populate  the  Van  Allen 
holts  (if  they  sre)  is  *a  additional  agate  ry. 

Thee*  questions  of  where  tha  auroral  particlea  coma  from  and  how  they  are  accelerated  are  tha  fundamental 
unraeolwod  questions  of  attroval-nagnotoapharlc  physics  and  are  ths  subject  of  aaich  retire  on-going  research. 

It  is  not  ths  purpose  of  this  papsr  to  treat  these  questions;  instead  It  Is  to  address  tha  gsnaral  domains 
of  the  hlgh-latitada  Ionosphere  as  lllimUaatud  by  their  association  with  tha  magnstoapharic  domains  -  tha 
morphology  and  temporal  state  of  the  auroral  ionospheric  domains  ere  a  consequence  of  where  and  when  these 
magnstoapharic-  domains  map  down  to  the  earth's  upper  atmosphere. 

In  addition  to  particle  energy  a  further  general  distinction  is  necessary  in  order  to  classify  the 
spatial  structure  of  auroral  precipitation,  hence  the  spatial  structure  of  tha  auroral  ionosphere.  This 
distinction  la  particularly  evident  in  the  B  (1-10  kev)  auroras  which  are  tha  doaUnact  energy  sources 
for  the  auroral  ionosphere.  The  structured  component  gives  rlaa  to  tha  discrete  auroral  arcs,  bands, 
rays,  and  other  visible  sometimes  dess ling  displays.  Discrete  aurora  has  historically  received  the  moat 
attention  and  is  popularly  described  as  'the  aurora';  it  la  photographable  hence  fores  the  basis  of  the 
Peldatsin  auroral  oval  (Peldstein  and  Xtarkov,  1947) . 

Tha  discrete  auroral  fores  can  be  as  narrow  aa  100  a  but  can  fill  latitudinal  bands  hundreds  of  km 
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Tha  ionospheric  response  to  discrete  (X)  auroras  are  forma  of  sporadic  X,  usually  auroral  Xs. 
low ever  othar  forms  of  Za  appear  et  times  to  he  sssociotsd  with  discrete  (X;  aurora  (e.g.  Wegner  et  el, 

1971) . 


The  other  general  type  of  X  (1-10  keV)  aurora  la  tha  unstructured  coapcnant,  tha  continuous  surer* , 
(Whalen  at  a  1971}  which  la  also  known  as  tha  mantis  (Sandford,  1948)  or  diffusa  aurora  (lui  and  Anger. 
1971).  This  ia  also  known  as  tha  proton  aurora  since  it  includes  protons  -  how  much  of  ths  ionisation  is 
attributable  to  protons  and  how  nuch  to  electrons  is  not  wall  understood  end  appears  to  be  quite  variable. 


The  ooatleuowa  aurora  gives  riwt  to  tit*  car  or*}  e- layer  (*lao  know  «•  night  8  and  particle  *),  in 
oMtlMWU  In  latitudinal  width  belt*}  typically  240  to  108  km  wide  f Whalen  nt  *1  1*71,  1*77) i  and  in 
castinwow*  in  lomfitud#  where  it  font*  *  citrcutpoUr  b**d  not  only  •wtlntlonlly  (Wegner  nt  «i  1S7>» 
Heaprosvannay*  nnd  dcfcukt,  itH)  hot  tUo  iutuUMOMiy  (Wagwer  «tv4  Hk»,  mi,  Suchau  «  *1,  1*73). 
finally  th*  continuous  tutor*  in  slowly  varying  in  tlm*. 

Bun  two  type*  of  aurorae  aro  distinguishable  in  large  aoai*  satellite  photograph*  of  th*  aurora  by 
th*  BMP  system*,  City  light#  a  Sew  th*  location  and  acala  of  th#  photograph*  (Pig  3),  Th*  bright 
atrwoturad  for—  at  high  latitwda  ara  th*  diaorata  aurora* i  tha  relatively  faint  flow  at  lower  latitude*, 
ton  continuous  aurora, 

aentelsai  sLljaULftaUsa 

Th#  ooat  oo— on  and  aaaaraily  accepted  nodal  of  tKr  aurora  ia  th*  reldateln  (1*47)  auroral  oval,  a 
atetiatioal  compilation  of  tha  diaorata  aurorae  r»  determined  fro*  auroral  all-aky  camera  photograph* 
taken  daring  th*  IQT.  Th*  oval  la  a  band  anolr  tint  th*  aagnxt i c  pol*  but  displaced  accantncally  at 
higher  latitude  in  th*  noon  aaotor  aa  a  oonaagueno*  of  tha  distortion  of  th*  aarth'a  **f**tlc  field  by 
th*  aolar  wind.  figure  3  a  how*  th*  9*3  oval  projected  on  a  nap  of  th*  northern  hemisphere  in  magnetic 
ooordlaatea  (Whalen,  1*7#),  The  pattern  fined  with  raopact  to  th*  aun,  is  ahown  in  4  different  orienta¬ 
tion;  with  respect  to  tha  earth  at  tha  indicated  valuaa  of  ITT.  As  a  function  of  tl.e  magnetic  index  Q, 
th*  oval  expand*  and  moves  wpuatorvard,  th*  highest  values  relating  to  extrema  disturbances  aa, 
aolar  flare  effect*. 

The  typical  moderate  distribution  of  discrete  aurora,  th*  9*1  oval,  will  be  used  to  fora  a  reference 
system  for  the  other  types  of  aurora*.  Th*  coordinate  system  of  tha  ovtl,  Corrected  Geomagnetic 
Latitude  and  Corrected  Oeomegoatic  Local  Tine,  la  shown  in  t  different  plots  in  Pigur*  4.  The  90 
oval  is  drawn  in  each  plot  bounded  by  th*  heavy  lines.  The  shaded  area*  echew.it loally  map  th*  types 
of  auroras  differentiated  ea  to  structured  (top  row)  and  unstructured  (bottom  row)i  and  to  particle 
energy/ ionospheric  regime  by  columns. 

Th;  t  typo  aurora*  appear  in  th*  canter  column  of  rtgure  4,  th*  discrete  auroral  oval  itewlf  (above) 1 
the  continuous  aurora  (below).  The  continuous  aurora  tends  to  overlap  the  oval  in  th*  night  aaotor 
(Shclan  at  *1,  1*77),  but  to  locate  eguatorward  of  tha  oval  in  th*  day  sector  (Whalen  et  al,  1*71). 

In  guise  times  th*  discrete  aurora  disappears  entirely  and  th*  continuous  aurora  remains  (Wagner  at  al. 

1*71). 

Although  tha  ccntlnuoua  aurora  forma  a  band  which  encircle*  the  pole  for  all  levels  of  activity  its 
location  can  change  and  th*  total  energy  fluxes  can  vary  by  several  orders  of  magnitude. 

In  terms  of  th*  magnetosphere  th*  continuous  aurora  appear*  to  be  precipitation  fvom  tha  plasma 
sheet,  both  having  an  energy  spectrum  which  can  be  described  aa  Maxes 1 lei n  (heerwin  end  Rones,  1*74). 

Tha  discrete  auroral  particles  also  apparently  aria*  from  th*  plaana  sheet  but  undergo  additional 
accelerations  which  will  bw  dismissed  later  in  tetme  of  the  teaporal  characteristics.  A  further 
distinction  la  that  continue*  aurora  results  fro*  both  electron  and  proton  precipitation.  Discrete 
aurora  results  from  electrons  alone  since  protons  effect Ivwly  dlfruee  throughout  distances  cf  a  few 
hundred  km  in  the  atmosphere. 

These  two  t-aurorne  are  not  only  the  moat  important  component  of  thr  auroras  In  terms  of  energy 
input  into  the  atmosphere,  but  also  epitomise  the  minimum  structural  classes  of  all  the  auroras, 
structured  and  unstructured . 

HPtphology  of  the  r- Region 

The  P-praclpltatlon  appear*  to  have  structured  and  unstructured  com^-went*  analogous  to  the  t-reglon. 
These  are  observed  In  th*  all-sky  photometric  observation*  of  Hand*  end  Anther  (1*7*!.  They  sees  both 
to  be  confined  to  the  region  of  the  oval  -  whether  there  are  differences  in  t'x  morphology  of  the  two  is 
not  known.  The  distinction,  however,  la  not  l^w>rt*nt  a*  regard*  ar  propagation  because  the  ionoapnere 
at  r  layer  height*  exhibit*  Irregular  and  spread  conditions  throughout  these  region*  of  soft  precipitation. 
In  addition,  tha  polar  cap  -  th*  circular  area  poleward  of  th*  oval  -  also  ia  a  region  of  spread  P, 

An  addltonal  ionospheric  region  of  iaportance  ia  th*  P-layer  trough,  •  region  of  low  ionisation,  which 
ia  located  aguatorward  of  th*  oval  in  tha  night  and  evening  sectors,  i*  S’-ld*  wide  and  ha*  foP3<3  MX* 
(Nuldrew,  IMS).  Th*  polaward  edge  or  wall  of  th*  P-lay*r  trough  i*  *  region  of  large  electron  density 
gradient*  which  can  cause  large  refractions  and  thus  large  departures  from  great  circle  propagation  path* 
for  HP.  auchau  at  *1  (i*7J)  troat  a  specific  case.  Pika  (1*7*)  ha*  developed  an  analytical  model  of  the 
P-layer  trough  wall. 

These  T  region  precipitation  pattern#  are  ahown  in  th*  left  oolvmn  of  figure  4.  Thermallsed  aolar 
wind  from  th*  magneto* heath  produce*  the  days ids  region  aa  noted  earlier  but  apparently  not  th*  night 
sector  regions,  the  field  lines  for  which  apparently  map  down  from  th*  plasma  sheet.  In  any  cats  th* 
regions  are  continuous  in  local  time,  aa  shown, 

aaatetett. si. p,an>°" 

The  D- region  precipitation  unstructured  component  exists  a*  a  hand  of  gnnei'ally  a  few  degrees  wide  which 
extend*  from  mi  (night  to  morning  and  sometime*  ia  entirely  circumpolar  (e.g.  Mook,  l**#).  In  guiet  time* 
its  locus  near  midnight  ia  th*  eguaterward  edge  of  th*  continuous  aurora ;  in  active  times  th*  distri¬ 
bution  can  be  quit*  wide.  Tha  teaporal  character iat lea  have  been  the  subject  of  many  studies  (e.g.  Harts 
and  trio*,  1*67),  Th*  occurrence  of  thia  precipitation  causes  D-regxon  HP  absorption  of  relatively 
abort  duration  (IS  minutes)  near  midnight!  longer  (1-3  hour*),  in  th*  morning  sector,  structured  D- region 
aurora*  seen  to  b*  associated  with  activity  in  tha  night  aaotor  aa,  e.g.  with  poleward  expanding  arc* 
during  aubatorma.  Thus  they  are  transient  in  nature  and  occupy  th*  midnight  sector  of  th*  raldatain  oval. 
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The  patterns  for  tho  D-regloa  u*  shown  schematically  In  the  rlghthand  coltaui  of  £lj,  4. 

Tne  unstructured  pattern  marks  tha  rag  lor.  in  which  van  Allan  bait  partlclaa  'un-trap'  so  at  to  praoipl- 
tata  into  tha  stsoaphsre.  berkay  at  al  (1974)  have  described  a  number  of  a  wants  in  which  tha  dynamics  of 
this  precipitation  arc  detailed. 

Lifetimes  of  Dlacrata  8  Auroras  hear  midnight 

As  noted  earlier  tha  discrete  I  aurora  produces  varioue  types  of  sporadic  >  which  interfere  with  HF 
propagation  -  hf  ooussunicationa  and  OTM-s  surveillance.  In  addition  tho  optical  emissions  froa  tha 
discrete  aurora  interfere  with  certain  optical  surveillance  syatcas.  Accordingly  the  duration  of  auroral 
displays  gives  important  Information  as  to  the  duration  of  the  relevant  interference.  The  t sapor a 1  life¬ 
times  of  discrete  auroras  have  been  studied  using  all  sky  oanera  photographs  taken  on  12  extended  local 
midnight  flights  by  tns  AFQL  Airborne  Ionospheric  Observatory.  Photographs  ware  taken  at  X  minute  inter¬ 
vals  during  the  total  of  93  hours,  continuous  coverage  per  flight  ranging  free)  5  to  10  hours  (Krukonls  and 
Nhalan,  1979).  At  tha  praaant  time  a  high-apaed  aircraft  is  unique  in  its  ability  to  obaarva  tha  aurora 
at  a  given  local  time,  continuously  for  a  duration  of  many  hours.  This  is  possible  st  high  latitudes 
because  the  speed  of  tha  aircraft  permits  it  to  'keep  up*  with  the  rotation  of  the  earth  and  therefore 
to  retide  at  a  given  local  time  for  extended  periods  of  time. 

A  typloel  flight  is  that  of  21  January  74  which  departed  fro*  Ooose  AB,  Labrador,  at  0149  Universal 
Tims  (CT)  and  arrived  at  liaison  API,  Alaska  at  1150  UT. 

The  clrcraft  rssulned  within  the  midnight  sector  its  entire  duration,  and  between  67*  and  74*  COL 
for  nearly  all  of  tha  data  portion  of  tha  flight. 

Figure  5  is  a  montage  of  ail-aky  camera  photographs  taken  on  thle  flight  and  la  a  typical  example  of 
tha  data.  Sach  horizontal  atrip  consists  of  1/2  hour  of  data  so  that  tha  montage  displays  tha  complete 
minute  by  minute  record  of  the  flight,  approximately  9  hours  duration.  UT  timss  are  listed  to  the  left 
of  the  photographs. 

The  all  sky  camera  has  a  160*  diameter  field  of  view  so  that  each  photograph  records  tha  aurora  at 
■  region  heights  within  the  area  of  a  eirola  of  100  xm  diameter. 

The  montage  reveals  taaporel  patterns  not  otherwise  apparent.  In  particular,  auroral  activations 
can  be  identified  ae  individual  events  with  definable  lifetimes  since  the  sequences  of  photographs  within 
these  events  exhibit  temporal  coherence  when  viewed  in  the  montage  format.  Tor  example,  tha  uppermost  5 
strips  of  Fipire  •  are  a  sdnute  by  adnute  record  of  what  appears  to  be  a  single  event,  similar  In  etruoture 
to  tha  classic  auroral  subs  tore.  Throughout  the  remainder  of  the  montage  however,  are  eany  examples  of 
active  periods  of  much  shorter  duration  lndloating  a  auen  more  coaplex  organisation  than  earlier  apparent 
aubatonai  as  illustration,  note  tha  period  from  approximately  0935  to  0945  UT. 

The  auroral  photographs  have  been  categorised  by  e  modified  auroral  activity  .index  (Carovillano  at  al., 
1975)  as  Active,  moderate,  Quiet  end  go  visible  discrete  auroras. 

A,  N  and  Q  events  taken  as  a  whole  have  a  Foiaaon-like  lifetime  distribution  which  sex ladies  near 
15  minutest  another  lesser  group  appears  at  about  120  minutes  (Figure  8 ).  Thus  the  auroral  lifetime 
can  be  treated  as  a  discrete  random  evont  with  exist  probable  duration  near  IS  minutes. 

The  lepll cation  of  this  temporal  variation  on  HF  propagation  near  the  auroral  oval  la  that  propagation 
conditions  which  are  affected  by  auroral  sporadic  I  are  likely  to  change  within  about  15  minutes.  Whether 
the  chamgo  will  be  for  the  batter  or  for  the  worse  ia  not  definable  at  thin  time. 

Hailly  (1977)  has  described  very  detailed  propagation  measurements  in  relation  to  the  oval  eo  defined 
by  the  15  minute  magnetic  Q  index.  Apparently  the  lifetime  distribution  described  here  relate*  Jlosely 
to  tha  penal aaability  of  using  a  15  minute  temporal  resolution. 

Fleams  flows  which  have  bean  observed  in  the  plasma  sheet  (e.g.  Fytte  at  el  1976,  Ooronrtl  at  al, 

1979)  are  the  apparent  os  use  of  the  auroral  activation  event*  reported  here 1  duration  of  the  flows  are 
the  seme  aa  the  10-20  minute  auroral  lifetime si  both  occur  in  aubatorm  and  non-subetorm  conditional  a 
possible  mechanism  exists  for  the  acceleration  of  the  electrons  responsible  for  the  discrete  aurora 
across  electrostatic  shock  wnves  produced  by  such  please  flows. 

Ihua  plasma  sheet  processes  recult  in  Interference  with  HF  propagation.  Accordingly  ignorance  of 
plasma  sheet  dynamics  translates  into  ignorance  ef  the  predictability  of  this  interference. 

gpectrel  and  Latitudinal  properties  of  the  Continuous  (!)  Aurora  Hear  Midnight 

Haoost  studies  have  shown  that  tha  electron  precipitation  responsible  for  the  continuous  aurora 
la  well-represented  by  e  Maxwellian  spectrum  when  the  precipitation  is  integrated  over  the  lose  cone 
(•barber  and  Hhalen,  1979).  Furthermore,  the  Maxwellian  characteristic  energy  (or  'teaperature' )  end 
the  total  energy  flux  for  the  precipitated  particles  axe  both  well  represented  by  e  Qauaalan  latitudinal 
distribution!  tha  fact  that  it  ia  nearly  tha  earns  latitudinal  distribution  for  both  these  parameters 
implies  further  that  tha  particle  number  flux  is  approximately  constant  across  the  latitudinal  distri¬ 
bution  (Whalen  and  Sharber,  1979). 

These  properties  are  observed  in  a  detailed  study  of  a  single  oaaa,  directly  by  the  IXIt-2 
satellite  electron  spectrometer 1  end  vie  their  effects  on  the  atmosphere  by  coinciding  airborne 
ionospheric  end  photometric  measurements. 
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Tha  satellite  minwMti  of  thia  anargy  flax,  g,  and  charactariatic  energy,  A  ,  ara  shown  in 
Figure  7.  Causa lan  functions  of  1,2*  and  3.5*  (Fail  Width  at  Waif  Mulata)  hava  baan  fit  to  tha 
measured  values  of  Q  and  A ,  respectively.  (for  Q,  tha  Oauaaian  fits  tha  points  wall  except  at  tha 
■gvlw  end  At  higher  latitudes  in  which  regions  tha  Gaussian  is  shown  aa  a  daahad  carta.)  Tha  iono¬ 
spheric  significance  of  tha  particle  par  saw  tar a  Q  and  A  is  that  they  translate  into  two  essential 
ionospheric  parameters,  sax laps  electron  density  (nemax)  and  tha  height  of  maximum  ion  production 
(hfmax) ,  respectively, 

Tha  former  is  a  oonsaquanca  of  tha  axiatanca  of  equilibrium  in  the  x  region i  i,a,  ion  production 
rate  equals  ion  raooablnation  rata  which  is  proportional  to  namax2  or  fot4  (a.g.  Onholt,  1455). 

The  relative  variation  of  these  parameters  with  latitude  is  shown  in  Figure  tta  fer  a  3.7*  rvm  Gaussian 
for  Q,  The  low  latitude  half  of  the  distributions  are  plotted,  the  origin  of  latitude  it  taken  aa  tha 
maximum  of  Q,  and  all  three  *  re  normalised  to  unity  at  tha  maximum. 

The  characteristic  electron  kinetic  energy  translates  into  tha  height  of  the  maximum  rata  of  Ion 
production  (a.g.  Wees,  1964)  from  which  the  height  of  naxinue  electron  density  can  be  inferred,  a 
Oauaaian  latitudinal  distribution  for  A  (which  is  tha  asms  aa  that  for  g  in  Figure  8a)  produces  tha 
latitudinal  variation  in  h^max  shown  in  Figure  8b.  Hera  A  max  la  takan  to  be  1  kaV. 

The  spectral  properties  of  this  auroral  precipitation  hove  bean  measured  to  have  a  large  range  of 
variation  near  midnight,  gmax  has  baan  observed  to  hava  extras*  values  of  C.3  and  20  ergs/cm2eec  which 
correspond  to  velues  of  fox  of  about  2.3  and  6.7  MBs  respectively.  A  max  can  range  between  0.S  and  7 
kaV  with  corresponding  values  of  hTJmax  of  ISO  and  100  km. 

Tha  latitudinal  distributions  also  vary :  The  Oauaaian  width  can  hava  values  between  2.5*  and  S*  FVKMj 
the  location  of  tha  sax  latum,  65*  to  71*  CG  latitude. 

An  effective  plasma  sheet  temperature  relates  directly  to  tha  value  of  A  max  in  this  precipitation 
(Mearvln  ard  Wooes,  )9?4>  hence  to  uha  relative  ionisation  halght  profile  and  to  hljmex  in  particular. 

Tha  velum  of  gmax  end  the  location  and  width  of  tha  Gaussian  latitudinal  distribution  apperently  relate 
no  less  directly  to  the  plasma  sheet,  but  to  properties  not  yet  understood.  It  is  clear  that  tha  pre¬ 
dictability  of  KF  propagation  by  auroral  X  layer  codes  awaits  further  understanding  of  these  plasma  sheet 
properties. 

Conclusions 


The  tracing  of  regions  of  auroral  precipitation  from  magnatoapharic  sources  to  ionospheric  sinks 
helps  conoapv.ua lly  to  unscramble  scam  of  tha  complexities  of  the  auroral  particle  produced  ionosphere 
and  the  resulting  complexities  in  8F  propagation  a*  high  latitudes.  In  u  'di tiers  quantitative  relations 
exist  between  the  X  (1-10  kaV)  aurorae  and  plasma  sheet  properties i  discrete  (X)  aurorae  and  resulting 
sporadic  X  are  the  result  of  plasma  flows  in  tha  plasma  sheet)  the  spectral  and  spatial  properties 
of  the ’continuous  (X)  auroras  and  resulting  auroral  X  layer  halght  and  latitudinal  profiles  are 
directly  related  to  pls'-aa  sheet  temperature  and  to  other  parameters  not  yet  understood.  Further 
quantifying  of  the  X  ionosphere  awaits  better  understanding  of  the  behavior  of  the  plasma  sheet. 

This  la  not  to  way,  however,  that  this  batter  understanding  will  be  achieved  aolely  by  satellite 
measurements .  Ionospheric  parameters  that* elves  relate  so  closely  to  particle  and  plasma  ahaet 
parwe-tar*  that  ionospheric  measurements  can  serve  aa  important  probes  of  tha  plesau  sheet, 
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Figure  4  The  regions  of  structured  (top  rov)  and  unstructured  (bottoe  row)  auroras 

differentiated  as  to  ionospheric  regiae  (particle  enorgy)  i roe  left  to  right 
F  (o' 0.1  keV).  I  (1-10  keV)  and  D  (£40  k*V).  Coordinate  systeos  are  CG  latitude 
and  CG  local  ties.  The  {^>3  auroral  oval  is  defined  by  the  heavy  solid  lines,  the 
location  of  the  specific  auroras,  by  the  shaded  areas. 
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ABSTRACT 

Ever  since  the  Second  Polar  Year  (1932-33),  when  a  British  team  made 
the  first  observations  of  the  Arctic  ionosphere,  special  high  frequency 
(HP)  communication  problems  have  been  recognized  at  high  latitudes.  Auroral 
absorption  is  one  of  these  special  problems  that  has  received  considerable 
attention  over  the  years.  As  many  as  a  dozen  methods  have  been  described 
for  the  calculation  of  the  effects  of  auroral  absorption  on  HF  communication 
circuits  (or  HF  radar),  and  perhaps  several  dozen  papers  have  appeared  that 
applied  more  or  less  directly,  at  least  qualitatively,  to  the  operation  of 
such  circuits.  A  few  of  the  methods  and  pertinent  points  from  some  of  the 
papers  are  briefly  described. 

In  3956,  the  riometer  was  shown  to  be  a  powerful  tool  for  use  in  the 
study  of  high  latitude  absorption.  In  particular,  it  allowed  for  a  distinc¬ 
tion  to  be  recognized  between  "polar  cap"  absorption  and  what  now  came  to 
be  called  "auroral"  absorption.  There  are  good  reasons  for  considering  the 
riometer  our  best  hope  for  establishing  an  adequate  data  base  for  the  pre¬ 
diction  of  auroral  absorption  effects  on  h’F  communication  circuits.  There 
are  other  reasons  to  explain  why,  after  25  years  of  riometer  measurement, 
there  is  still  no  adequate  data  base.  These  reasons  will  be  reviewed. 

Study  given  the  phenomenon — known  variously  as:  "the  no-echo  condition," 
"polar  blackout,"  "auroral  zone  blackout,"  and  now,  "auroral  absorption" — 
has  been  fruitful,  and  there  have  been  "breakthroughs,"  but  much  more 
remains  to  be  done.  Questions  remain  about  the  geographic  distributions, 
the  temporal  variations,  and  the  relationships  with  polar  cap  absorption 
on  one  hand,  and  with  magnetospheric  substorms  on  the  other.  These 
questions  will  be  stated  and  briefly  examined. 


For  auroral  absorption,  as  for  roost  high-latitude  ionospheric  phenomena,  the  begin¬ 
ning  came  during  the  Second  International  Polar  Year  (1932-33)  when  a  team  frcm  the  United 
Kingdom  (UK)  made  vertical-incidence  ionospheric  observations  at  Tromsd,  Norway.  These 
observations  were  described  in  the  classic  paper  by  Appleton  et.  al.  (1937).  The  "nc-^cho" 
condition  w as  ascribed  to  absorption  associated  with  geomagnetic  activity.  Beginning 
during  the  nighttime  hours,  the  abscii.  "ion  could  continue  into  d^yt^me,  in  some  cases, 
beyond  the  end  of  the  magnetic  disturbance.  Hells  (1947)  showed  that  at  College,  Alas-,:, 
'polar  blackout"  accompanied  negative  magnetic  bays  (decreases  m  the  horizontal  geomag¬ 
netic  component)  occurring  in  the  early  morning  hours.  The  duration  of  the  blackout 
approximated  that  of  the  bay. 

These  studies  treated  occurrences  of  "no-echo"  or  "blcckout"  (roost  of  which  would 
now  be  called  auroral  absorption)  as  rel  tively  discrete  event?  in  association  with  geo¬ 
magnetic  disturbance.  Nowbern  Smith  (N3S,  1948,  Chapt.  7i  however,  recognized  the  need 
for  a  different  kind  of  treatment  so  that  the  effect  of  .ms  absorption  could  be  con¬ 
sidered  in  the  computation  of  monthly  median  field  intensity  for  high-latitude  high-fre¬ 
quency  (HF)  circuits.  The  method  consists  of  calculating,  u*5ing  the  map  in  Figure  1 
(p.  150,_NBS»  1948),  a  quantity,  K',  to  be  added  to  the  diurnally  varying  absorption 
factor,  K.  Smith  (private  communication)  based  the  approach  largely  on  discussions  with 
Canadian  colleagues  who  had  noted,  for  example,  t.>at  less  absorption  was  observed  over 
paths  perpendicular  to  the  auroral  zone  than  over  paths  with  a  Jir action  component  paral¬ 
lel  to  the  zone.  In  addition,  pa*:hs  wholly  within  (i.e.,  poleuud  of)  the  zone  may  show 
no  auroral  absorption  evert  when  radio  waves  propagating  across  the  zone  are  seriously 
attenuated.  Smith  mentions  that  auroral  absorption  is  most  incense  during  daytime,  an 
observation  not  indicated  by  earlier  work.  However,  he  did  not  try  to  incorporate  into 
hie  method  either  the  suggested  diurnal  variation  or  the  slight  equatorward  displacement 
or.  the  absorption  zon«  relative  to  the  visual  auroral  zone. 

In  tile  early  1950’s,  a  number  of  papers  appeared  (e.g.,  Lindquist,  1951a;  Keek, 

1D53)  continuing  study  or  the  apparent  relationships  among  observations:  geomagnetic, 
auroral,  ionospheric.  But,  in  addition,  Meek  (1951)  used  2  MHz  LORAN  data  to  locate  the 
auroral  absorption  zone  and  Lindquist  (1951b) ,  divorcing  blackout  and  geomagnetic  activ¬ 
ity,  showed  that  the  diurnal  maxima  for  the  two  phenomena  occurred  at  very  different 
times.  Agy  (19S4a)  studied  HF  field  strength  data  frost  a  chain  of  stations  along  the  90th 
west  meridian  in  an  attempt  to  locate  the  auroral  absorption  zone.  Vertical-incidence 
ionospheric  data  from  eighteen  northern  high  latitude  stations  were  used  f  Agy,  1954b) 
to  describe  geographic  and  temporal  variations  in  the  occurrence  of  blackout,  and  to 
differentiate  phenomenologically  between  •long-duration"  blackouts  and  the  "others."  The 
frequency  of  occurrence  end  the  overall  total  number  of  hours  of  blackout  a m  greater  in 
the  "auroral  absorption  zone,"  but  the  duration  of  the  long-lasting  ones  increases  with 
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latitude.  The  riometer,  described  by  Little  and  Leinbach (1958) ,  has  been  especially 
useful  in  explaining  this  anomaly,  i.e.,  in  differentiating  between  'polar  cap  absorp¬ 
tion*  and  auroral  absorption. 

During  the  International  Geophysical  Year  (IGY,  July  1,  1957  -  December  31,  1958), 
when  a  total  of  about  50  vertical-incidence  ionoaorsdes  were  in  operation  at  high  northern 
latitudes,  there  were  fever  than  a  dozen  riosseters.  In  spite  of  its  recognised  short¬ 
comings,  f»in  (the  lowest  frequency  evident  on  a  vertical-incidence  ionogram,  and,  there¬ 
fore,  a  rough  measure  of  absorption)  continued  as  the  parameter  to  be  used,  especia)ly 
for  derivation  cf  detailed  geographic  distributions  of  absorption  at  high  latitudes 
during  the  IGY.  Individual  "events'  involving  polar  cap  absorption  were  described  by 
Kakura  (I960)  and  by  Agy  (1960).  Studies  aimed  at  determining  the  geographic  and  temporal 
distributions  of  "blackout"  were  undertaken  by  Kasuya  (1960),  Agy  [in  Davies  Q965)],  and 
Piggott  and  Thomas  (1959) .  None  of  this  work  helped  in  any  material  wav  in  calculating 
auroral  absorption  as  it  affects  HP  circuits. 

The  method  described  in  NBS  Circular  462  was  known  to  be  over-simplified,  and  the 
data  analyses  mentioned  served  to  indicate  its  inaccuracies  and  conceptual  errors.  How¬ 
ever,  as  recently  as  1969,  the  Circular  462  method  was  revived  for  application  to  HF 
circuits  ovor  paths  longer  than  4,000  km  (Vladimirov,  1969).  In  the  mid-1940'r.,  U.  S. 
Signal  Corps  methods  for  calculation  of  transmission  loss  for  HF  circuits  (Laitinen  and 
Hayden,  1962)  made  use  of  an  empirical  "correction"  of  about  9  dB  to  bring  calculated 
losses  more  nearly  into  agreement  with  measurement.  The  9  do  was  termed  "excess  system 
loss."  Excess  system  loss  was  redetermined  by  Davis  and  Groome  (1965),  who  included 
data  from  high  latitude  paths  in  their  s>tudy  and  could  conclude  that  excess  system  loss 
was  greatest  for  paths  at  geomagnetic  latitudes  between  S5e  and  70“ ,  and  for  such  paths, 
had  a  diurnal  maximum  between  0400  and  1000  local  mean  time.  It  is  clear,  then,  that 
high  latitude  excess  system  loss  is  largely  due  to  auroral  absorption.  But  since  the 
analysis  indicated  no  clearcut  frequency  dependence,  other  effects  must  also  be  present. 

In  any  case,  based  as  it  is  on  "real"  data  and  available  in  tabular  form,  excess  system 
loss  can  be  included  in  either  "hand"  or  computer  methods  by  means  of  "table  look-up" 
which  is  more  convenient  and  quicker  than  computation.  In  the  United  States,  specific¬ 
ally  at  the  Institute  for  Telecommunication  Sciences  (ITS)  cr  its  predecessors,  excess 
system  loss  replaced  the  method  of  Circular  462  when  the  computer  replaced  hand  methods 
of  computation  (Lucas  and  Faydon,  1966)  and  continues  in  use  (Barghausen  et  al.,  1969; 
Lloyd  and  Teters,  in  preparation).  There  appears  to  be  nothing  better.  However,  the 
possible  utility  cf  riometer  data  for  this  purpose  has  long  been  considered.  Analyses 
of  riometer  data  in  Norway  (Holt  et  al.,  1952),  in  Canada  (Hartz  et  al.,  1963);  in  the 
United  States  in  Alaska  (Easier,  1963),  and  in  the  Union  of  Soviet  Socialist  Republics 
(Driatskiy,  1966),  all  agreed  in  showing  an  "auroral  absorption  zone’  (i.e.,  auroial 
absorption  occurring  most  frequently  in  a  limited  range  of  latitude  somewhat  souch  of 
the  visual  auroral  zone)  and  a  local  time  variation  in  frequency  of  occurrence  that 
maximizes  during  the  pre-noon  hours.  Since  riometer  date  are  quantitative  and  since 
many  riometers  have  bee;i  in  operation  for  some  years  in  Canada,  Norway,  Sweden,  Fin¬ 
land,  the  U.S.S.R.,  and  the  United  States  (Alaska),  the  possibility  of  establishing 
a  world-wide  data  base  has  occurred  to  many  people  interested  in  high-latitude,  high- 
frequency  telecommunications .  In  a  preliminary  way,  a  number  of  attempts  have  been 
made  to  devise  schemes  for  the  use  cf  riometer  data  for  the  prediction  of  auroral 
absorption  experienced  by  high-frequency  radio  waves:  Basler  (1965),  Gorbushina  et  al. 
(1969),  Agy  (1970),  Vargas-Vila  (1972),  and  Foppiano  (1975).  Unfortunately,  none  of 
these  authors  was  able  to  give  adequate  consideration  to  either  of  two  sets  of  prob¬ 
lem!::  those  arising  from  the  characteristics  of  the  (riometer)  data  base,  and  those 
associated  with  our  lack  of  understanding  of  the  nature  of  what  we  call  auroral 
absorption. 

Although,  in  a  manner  of  speaking,  the  riometer  provides  the  only  game  in  town,  be¬ 
ing  the  only  data  source  that  can  be.  described  as  both  quantitative  and  world-wide,  there 
are  probJems  associated  with  its  use: 

1.  The  riometer  frequency  ('30  MHz)  is  necessarily  much  higher  than  most  of  the 

c  assunications  frequencies  in  the  HT  spectrum  to  which  we  want  to  apply  the  measurements. 
The  resulting  insensitivity  might  still  be  overcome  by  using  enough  data.  The  tendency, 
however,  has  bean  to  study  relatively  brief  periods  of  time,  or  individual  events,  so  most 
of  the  riometer  records  (estimated  to  be  over  500  station-years  worth)  in  the  northern 
high  latitudes  remain  unsealed). 

2.  At  most  installations,  a  finite  threshold  of  9.2  dB  (even  0.5  dB)  has  been 
adopted  for  the  scaling,  and  an  absorption  level  of  0.2  dB  measured  by  riometer  at  30  KHz 
can  easily  correspond  to  30  dB  absorption  at  j  MBs  over  a  high  latitude  path. 

3.  The  methods  so  far  described  rely  on  deriving  the  distribution  of  absorption 
values  from  those  actually  observed  (i.e.,  above  the  threshold),  but  a  threshold  of  0.2 
dB  will  bo  exceeded  infrequently  at  most  stations  and  for  most  months.  We  are  in  a  posi¬ 
tion  of  deducing  the  entire  distribution  from  the  upper  quartile--or  the  top  decile.  For 
most  HF,  the  low  absorption  tail  of  the  distribution  is  what  matters,  and  that  can  only 
be  guessed  at  so  long  as  so  high  a  threshold  is  insisted  upon. 

1.  The  riometer  measures  "opacity"  so  that  the  height  at  which  the  attenuation 
takes  place  cannot  be  specified  without  other  information.  One  of feet  of  the  non-specific 
height  is  that  scatter  from  the  top  of  Ea  will  be  interpreted  as  absorption;  but,  when 
such  scatter  occurs,  ground-to-ground  HF  propagation  may  be  especially  efficient.  This 
possibility  has  bean  treated  only  briefly  in  a  single  paper  (Bell  and  Morozumi,  1970). 
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So  »uch  i or  the  date  base.  The  problems  in  the  other  net  are  aaaociated  with  cer¬ 
tain  aspects  of  the  phenomenon  itself  which  are  either  misunderstood,  misstated,  or 
ignored. 

1.  Location 

a.  Latitude.  A  latitude  variation  haa  been  recognised  from  the  beginning.  Harts 
and  his  cc’-worksra  (1963),  after  comparing  Canadian  and  Norwegian  data,  concluded  that 
geomagnetic  latitude  was  not  the  appropriate  coordinate.  Since  then,  it  has  becomo 
cowson  to  assume  that  invariant  latitude  (Mcllwain,  1961)  or  corrected  geomagnetic  lati¬ 
tude  (Hakura,  1965)  is  appropriate,  although  why  this  should  be  true  is  not  quite  clear. 

The  magnetic  regimes,  dsy  and  night,  at  the  latitudes  of  most  frequent  occurrence,  are 
very  differenti  at  night,  the  field  lines  are  swept  back  into  the  magnetospheric  tail, 
and  in  the  day,  the  lines  are  “closed,*'  i.e.,  "conjugacy"  has  meaning.  According  to 
Harts  and  Brice  (1967),  the  type  of  causativo  particle  precipitation  alao  changes  (from 
night  to  day)  from  “splash*  to  “drisile.*  Figure  2,  taken  from  Harts  et  al.  (1963), 
exhibits  a  latitude  variation — and  a  local  time  variation  to  be  diecusaed  presently. 

b.  Longitude.  A  distribution  of  auroral  absorption  non-uniform  in  longitude  was 
firct  suggested  almost  twenty  years  ago  (Agy,  I960}  Davies,  196S).  Even  now,  however, 

the  likelihood  of  such  a  distribution  is  either  denied  out-of-hand  or  studied  inadequately. 
Figure  3,  based  on  an  analysis  of  fmin  (Davies,  1965),  suggests  a  longitude  distribution 
with  peaks  over  nortnern  Europe  and  over  Alaska.  Berkey  et  al.  (1971)  made  a  study  of 
60  “substorm  events*  using  data  from  about  40  high  latitude  northern  hemisphere  riometers. 
Agy  (1975)  analysed  the  results  of  this  study  to  show  that,  in  spite  of  editing  of  the 
data  by  fierkey  et  al.  (1971)  which  would  tend  to  obscure  a  variation  with  longitude,  such 
a  variation  was  still  evident.  Figure  4  showa  the  longitude  variation  and  indicates  rough 
agreement  with  the  longitude  variation  derived  earlier  (Daviee,  1565)  using  fmin. 

c.  Auroral  oval.  The  "auroral  oval,"  described  by  Feldstein  (1963),  is  an  annular 
area  around  the  geomagnetic  pole,  eccentric  toward  lower  latitudes  at  local  midnight. 

Visual  aurora  occurs  in  the  auroral  oval;  it  encompasses  the  "instantaneous  polar  cap." 

The  "auroral  sone,"  on  the  other  hand,  may  be  thought  of  as  the  region  traced  out  by  the 
midnight  segment  of  the  auroral  oval  aa  it  movos  in  univeraal  time.  It  should  be  empha¬ 
sised  that  auroral  absorption  rarely  occurs  in  the  auroral  oval  except  in  the  hours  around 
local  midnight. 

2 .  Time  Variations 

a.  Solar  cycle.  It  is  likely  that  the  diurnal  maximum  in  frequency  of  occurrence 
moves  to  lower  latitudes  aa  the  sunspot  number  increases,  and  the  frequency  of  occurrence 
probably  increases  (Hook,  1968),  but  there  may  be  a  lag  between  long-term  variations  in 
solar  activity  and  auroral  absorption  (Collins  et  al.,  1961).  Our  knowledge  horo  is  in¬ 
complete — to  say  the  least. 

b.  Season .  For  the  pattern  as  a  whole,  i.e.,  world-wide  and  at  all  latitudes, 
most  of  us  do  not  know  (cannot  describe)  the  seasonal  variations.  Those  of  us  who  do 
know  do  not  agree  with  each  other  (Harts  et  al.,  1963;  DriatBkiy,  1966;  Basler,  1966; 

Hook,  1968) . 

c.  Local  time.  The  strong  local  time  dependence  already  indicated  in  Figure  2 
has  been  known  for  a  long  time.  It  is  likely  th*t  thu  local  time  variation  is  dependent 
on  longitude  and/or  season  and/or  solar  cycle,  but  we  don’t  know. 

d.  Magnetospheric  substorm.  Does  auroral  absorption  occur  only  during  magneto- 
spheric  substorms  (as  implied  by  Berkey  et  al.,  1971,  and  by  Hargreaves,  1966)?  In  view 
of  some  of  the  editing  by  Berkey  et  al.  (1971,  p.  1),  the  answer  seems  to  be,  "Only  if 
the  term#  ‘auroral  absorption'  and/or  'substorm*  aro  redefined." 

The  purpose  of  the  report  by  Berkey  et  al.  (1971)  was  to  establish  a  data  base  for 
later  study  (Berkey  et  ai.,  1974)  of  ths  motion  of  the  absorbing  regions,  in  particular, 
the  eastward  and/or  westward  drift  of  these  regions.  Howover.  despite  prudent  selection 
of  the  events  and  a  careful  editing  of  the  data,  the  "drift*  is  not  always  evident.  On 
the  other  hand,  development  in  situ  of  auroral  absorption  in  the  areas  of  most  frequent 
occurrence  (Agy,  1975)  is  quTte  common,  even  usual.  Figures  5  and  6  give  map  sequences 
from  Berkey  et  al.  (1971)  illustrating  this  point. 

Even  more  useful  than  a  proesdure  for  calculating  monthly  median  auroral  absorption, 
would  ba  one  for  short-term  forecast  of  the  occurrence,  development,  and  motion  of  an 
auroral  absorption  event  as  suggested  by  Elkins  (1972).  His  approach  (after  having 
established  the  existence  of  a  correlation  between  tho  magnetic  disturbance  index,  AK, 
and  the  davelopment  of  the  substorm  events  described  by  Berkey  et  al.  (1971)1  would  be 
to  identify  tha  atart  of  a  aubatorm  by  noting  Au  near  the  midnight  meridian  and,  during 
the  next  3/4  hour  or  so  to  project  the  absorbing  rsgion  around  to  the  meridian  correspond¬ 
ing  to  about  0900  local  time,  it  is  hsre  that  auroral  absorption  (for  this  event)  will 
tend  to  be  e  maximum.  The  editing  by  Berkey  et  al.  (1971)  is  aimed  at  simplifying  the 
contours  of  auroral  absorption  by;  deleting  substorm  events  still  in  progress  when  "this* 
event  begins  along  with  those  that  atart  before  thia  one  onde;  and  by  ignoring  the 
long-lasting  (co-rotating  with  the  earth)  absorption  which  has  "evidsntly  nothing  to  do 
with  tha  aubatorm  effects."  Possible  consequences  of  th*  editing  and  of  the  "bootstrap" 
approach  which  does  not  relate  the  "aubstor*  events*  to  subatorma  (perhaps  better  defined 
by  reference  to  magnetograms)  will  be  to  render  Elkins'  approach  untenable.  For  example, 
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Figora  6  raprcaant*  an  event  that  overlap*  a  magnetoapheric  sub* torn  whose  ionospheric 
effect*  havs  been  described  by  Park  and  Hang  (1973) .  But  the  substorm,  according  to 
Park  and  Meng,  started  an  hour  before  the  riometer  event.  According  to  Elkins'  proposed 
model,  during  that  hour  the  absorbing  region  should  have  drifted  eastward  sorno  135 
degrees  in  longitude  and  maximised  in  intensity.  Of  course,  conclusions  based  on  a 
statistical  analysis  cannot  be  invalidated  by  a  single  contrary  instance;  but  the  restric¬ 
tions  placed  on  the  events  described  by  Berkey  et  al.  (1971)  by  their  definition  and  by 
subsequent  editing  of  the  data  must  be  kept  in  mind.  The  limitations  set  are  such  that 
we  may  no  longer  be  dealing  with  the  "real  world"  of  auroral  absorption  at  all. 

It  is  not  nocessarily  true  that  "anything  is  better  than  nothing."  Until  the  time 
comes  that  we  must  no  longer  guess  at  the  time  distribution  of  riometer  measurements  of 
auroral  absorption  (and,  in  particular,  the  low  abaorption  tail  of  that  distribution), 
we  are  well-advised  to  do  nothing.  For  most  of  the  currently  available  riometer  data, 
the  important  part  (from  tha  standpoint  of  the  user  of  HF)  of  the  distribution  is  lost 
below  the  effective  threshold  of  the  instrument  and/or  the  scaling  procedure.  Unti)  we 
are  prepared  to  scale  (or  rescale)  immanae  piles  of  riometer  recordings,  any  other 
effort  will  be  pointless:  we  have  reached  a  dead  end. 
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Figure  1. 


Auroral  roue  absorption  nap,  numbers  on  curves  are  absorotion  factor,  X ' 
(fron  Ioncspheric  fladio  Propagation,  :13S  Circular  462,  1948). 
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Figure  «.  Auroral  absorption  >_  N  dB,(50  selected  substons  -  IOSY,  IA3Y) . 


Figure  5(a). 


Auroral  absorption  patterns,  February  3,  1969 
(from  Berkey  et  al.,  1971). 
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Figure  5(b).  Auroral  absorption  patterns,  February  3,  1969 
(frow  Berfcey  ot  al.,  1971). 


Figure  5(d).  Auroral  absorption  patterns,  February  3,  1969 
(frcan  Berkey  et  al.,  1971). 
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DISCUSSION 


P.A.  Bradley,  UK 

I  support  Mr  Agv's  comments  that  there  is  a  need  to  analyse  the  large  amounts  ot  nometer  data  currently  within 
the  world  data  centers  and  also  to  ,arry  out  further  observations.  It  is  only  by  detailed  studies  of  such  •".'suits  that 
we  can  hope  to  achieve  >  major  improvement  in  our  understanding  ot  the  morphology  of  auroral  absorption 
Unfortunately  there  are  major  difficulties  with  existing  data  in  that  there  has  been  no  standardization  ot 
measurement  and  record-scaling  procedures.  In  particular  times  of  measurement  and  types  of  antenna  used  vary 
considerably.  What  really  is  needed  is  to  produce  international  measurement  and  w  ding  standards  m  the  same  way 
as  has  been  done  for  vertical  incidence  ionospheric  sounding  I  feai  though,  ssthm  th.  current  economic  climate, 
that  we  are  too  late  for  this,  and  we  must  in  the  mam  make  do  with  the  data  we  already  have 

Many  riometer  installations  are  operated  principally  in  support  of  rocket  and  oihei  sj^aal  investigations  where  the 
m'erest  as  in  auroral  absorption  events  For  these  applications  a  fixed  threshold  ot  deles tior  of  the  absorption  of  a 
few  tenths  of  a  decibel  at  dOMItz  is  not  serious,  but  1  agree  this  is  troublesome  when  ihese  data  are  used  101 
morphological  mapping  Useful  results  can  be  obtained  m  such  cases  none  the  less  by  extrapolation  of  values 
measured  when  there  is  significant  absorption  For  example,  Foppiano  has  shown  from  data  collected  in  the  middle 
of  the  northern  auroral  zone  at  a  time  of  day  when  there  is  much  absorption  that  the  day  to  day  variations  of 
absorption  with  a  month  follow  a  log-normal  law  t  his  law  can  then  be  assumed  for  other  tunes  and  locations  in  order 
to  deduce  for  example  the  monthly  median  absorption,  even  when  this  :»  below  the  threshold  of  detection. 

The  cntical  question  is  how  riometer  data  can  be  related  to  vertical-incidence  absorption.  Mi  Agy  has  mentioned 
difficulties  ciue  to  sporadic-!-  ionisation.  Other  factors  influencing  nonieier  data  are  ( I )  residual  absorption  inherent 
in  the  reference  calibration  curve  of  maximum  received  cosmic  noise  power  (2)  the  effects  ot  a  finite  core  of  noice 
reception,  within  which  the  noise  fs  incident  thereby  experiencing  correspondingly  greater  absorption  than  for 
vertical  incidence  and  t.M  absorbing  ionisation  patches  not  always  filling  the  whole  of  the  antenna  beam,  theieby 
reducing  the  measured  absorption  Quantitative  tests  have  been  made  between  scaled  values  of  nometer  absorption 
and  absorption  deduced  from  calculations  based  on  simultaneously  measured  Vertical  electron  concentration  profiles 
deduced  from  rocket  flights  and  incoherent  scatter  observations  lo  a  first  order  it  is  concluded  that  riometer 
absorption  and  vertical  incidence  absorption  on  a  single  ionospheric  traverse  are  the  same 

I  would  like  to  comment  on  the  absorplion  prediction  procedure  of  Foppiano  mentioned  Hus  is  based  on  riometer 
data  from  available  stations  in  the  northern  hemisphere  giuuped  into  four  separate  longitude  zones  Mis  mapping  is 
matched  to  the  Hartz  and  Brice  precipitating  particles  patterns  and  assumes  the  absorption  to  be  the  resultant  ot  two 
components  due  to  the  splash  and  drizzle  particles,  each  vary  mg  m  a  gaussian  manner  with  latitude  and  tune  of  day 
Longitude,  seasonal  and  solar-cycle  changes  are  also  incorporated 

Some  recent  work  m  conjunction  with  l>r  F  Fhrane  o!  NDRI  has  s'ompared  circuit  reliability  on  oblique  N-S  HI- 
sky-wave  paths  in  Norway  with  predictions  Measured  data  at  night  indicate  poor  performance  at  the  lowei 
frequencies  giving  only  a  narrow  window  of  useful  frequencies.  11ns  is  consistent  with  predictions  which  include  the 
Foppiano  absorption  model  By  com  prison,  predictions  based  on  the  excess-system  has  concept  which  ignores  the 
frequency  dependence  ol  the  auroral  absorption  predict  increasing  circuit  reliability  the  lower  the  frequency  While 
1  concede  that  the  Foppiano  absorption  model  is  tentative  in  many  aspects.  I  submit  that  nonetheless  it  provides 
a  useful  first-order  way  of  assessing  quantitatively  auroral  absorption  effects  system  performance  for  high 
latitude  paths. 


Author's  Comment 

Of  course,  I  can't  argue  with  success,  but  a  single  satisfactory  comparison  with  measurement  is  no!  enough  to 
"prove”  the  validity  of  the  approach.  Many  more  comparisons  must  be  made  I  repeat  the  distribution  of  auroral 
absorption  values  med  by  Foppiano  is  guessed  at  it  is  not  known  Also,  incorporated  or  not,  the  longitude, 
seasonal  and  solar  cycle  variations  of  auroral  absorption  are  not  known.  Hie  effect  of  sporadic  I  is  quite  different 
from  the  others  mentioned  increased  nometer  "absorption”  in  the  case  of  sporadic  c  may  wel!  be  accompanied  by 
increased  signal  over  the  circuit  rather  than  m  signal  attenuation 


Comment  by  Klaus  Bibl.  US 

There  is  c  Urge  amount  of  auroral  absorption  data  available  in  the  compressed  digital  sc  endings  of  the  Goose  Bay,, 
Labrador,  Station  of  the  US  Air  Fotce  Geophysics  Laboratory  The  optimum  presentation  of  digital  amplitudes  in 
dB  a>  function  of  frequency  and  time  of  day,  separated  for  L-  am.  I:-  region  echoes,  would  permit  the  relatively  easy 
analysis  of  aurora!  absorption  over  many  years  ar*l  a  calibration  of  the  nometer  measurements. 
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DIRECTION  AND  DOPPLER  CHARACTERISTICS  OF  NFOIUN  AND  LONG  PATH 

- be  ‘sretiAts  jmrapnnrag  a - 

R.N.  Jenkins,  E.L.  Haqq  and  L.K.  Hontbriand 
Department  of  Communications 
Communications  Research  Centre 
P.O.  9ox  11490,  Station  H 
Ottawa,  Canada 
«2H  8S2 


SUNNARY 

Durinq  January  27  -  February  4,  1976,  the  larqp  HFDF  receiving  array  near  Ottawa  was 
used  to  record  MF  transmissions  fro*  a  USAF  Geophysics  Laboratory  aircraft  2000  km  away 
over  the  northwest  Atlantic  on  four  eveninq  flights.  Gecmaqnetic  conditions  ranqed 
from  quiet  to  active.  Siqnals  from  individual  array  elements  were  separately  recorded, 
and  later  analysed  to  provide  the  Doppler  shift  and  direction  of  the  signal.  Also  used 
were  oblique  ionoqrams  recorded  on  the  aircraft  for  a  similar  oath. 

The  F-mode  N0F*s  were  below  5  NHt  for  the  malor  portions  of  all  eveninq  fliqhts. 
However,  several  weaker  modes  were  observed  to  be  present  at  much  hiqher  frequencies. 
They  are  examined  for  their  potential  utility  in  extending  HF  communications  and 
surveillance? 


(1)  Sporadic-K  was  a  persistent  feature  on  the  oblioue  records:  a  vertical  ionosonde  on 
board  the  aircraft  did  not  see  the  same  phenomenon.  This  mode  had  a  path  centered 
close  to  qreat-olrcle  with  typical  spreads  in  bearinq  of  8  deqrees. 

( i i >  Sklp-dlstance-focussed  ground  sidencatter  to  the  south  was  persistently  present. 
Position  estimates  of  the  scatterers  made  from  Doppler  and  direction  measurements  imply 
severe  multipaths  for  this  mode  which  will  sometimes  limit  data  rates  to  less  than  25 
baud. 

(iii)  A  mode  involving  scatter  from  auroral  irreaular i t «es  was  observed  which  was 
extremely  var table  in  time  and  generally  weaker  than  the  other  modes. 

Uv)  Occasional  reflections  from  the  northern  edqe  of  the  mjd-lat itude  trough  in 
ionospheric  electron  density  were  seen,  but  were  limited  to  freguencies  less  than  1  Niis 
above  the  F-mode  muF. 

It  l*  concluded  that  the  Sporadic-S  and  skip-distance-focussed  ground-sidescattet  modes 
present  sn  opportunity  for  limited  HF  operations  in  the  subauroral  region  during 
eveninq  hours,  when  very  low  F-mode  NUF's  would  otherwise  make  such  operations 
impossible. 


1.  INTRODUCTION 

Nighttime  HF  operations  in  the  sub-auroral  regions  are  hampered  by  the  existence  of 
very  low  ionospheric  electron  densities  associated  with  the  mid-latitude  trough 
(Nuldrew,  1965?  Stanley,  1966).  The  resulting  low  NUF's  for  F-mode  communications 
force  many  users  into  a  small,  congested  range  of  f reoiie-cies  at  the  lower  end  of  the 
HF  spectrum  where  equipment  problems  (e.g.  poor  antenna  efficiencies  and  directivities) 
and  ionospheric  absorption  tend  to  be  worst. 

The  present  paper  is  concerned  with  the  results  of  sn  HF  experiment  involving 
hiqhly-sensitlve  detection  ot  siqnals  propagated  over  a  relatively  lonq  distance 
(-2000km)  in  the  vicinity  or  the  nighttime  trough  in  electron  density.  In  addition  to 
the  normal  F-modes  whose  NUF's  were,  for  much  of  the  exoerioent,  below  the  freouencies 
used,  several  other  modes  were  found  to  be  present  most  of  the  time,  at  frequencies 
veil  above  the  F-mode  NUF.  These  modes  Included* 

(a)  Sporadic  E, 

(b)  Skip-distance-focussed  ground  sidescatter  (from  the  south  where  F-NUF's  were 
higher) , 

(c)  Scattering  from  auroral  irregularities. 

Another  mode,  sometimes  seen  at  frequencies  sliqhtly  above  the  F-mode  qreat-circle  NUF, 
was  that  Of  oblique  reflection  from  the  nor  hern  edqe  of  the  ionospheric  trough. 

These  modes  are  either  weaker  or  less  predictable  in  their  occurrence  than  the  usual 
r-mode  and  are  not  normally  considered  in  HF  system  planning.  However,  they  present  a 
possible  means  of  extendlnq  HF  coverage  at  suhauroral  latitudes  for  both  communications 
and  surveillance  and  should  be  considered. 

The  experiment  wes  performed  using  Hr  transmissions  from  a  series  of  five  aircraft 
fliqhts,  four  in  the  eveninq  and  one  in  the  afternoon.  Thus  the  results  should  not  be 
reqsrded  as  s  very  stetistlcally  significant  sample  of  the  variety  of  propagation 
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conditions  that  can  occut  during  evening  hours  at  subauroral  latitudes.  However, 
various  qeoaagnetic  conditions  ranging  from  quiet  (Kp-0)  to  active  (Kp*«5+)  were 
experienced  for  these  flights,  and  the  results  can  be  considered  as  representative  of 
at  least  some  of  the  conditions  that  occur  with  reasonable  frequency,  with  the  intent 
of  providing  infornation  for  system  planners,  the  present  paper  examines  the  nodes  of 
propagation  that  ware  present  during  evening  hours  when  the  normal  P  mode  was 
unavailable  as  a  result  of  its  HOP  having  dropped  below  the  available  frequencies. 
Parameters  considered  were  those  indicative  of  the  potential  of  these  modes  for 
communications  and  surveillance,  i.e.,  their  relative  amplitudes,  stability,  direction 
of  arrival  and  Doppler  shift  characteristics,  and  inferred  multipath  properties. 


2.  EXPERIHENT  DESCRIPTION 

During  the  period  Jan  25-Feb  4,  1976,  the  Canadian  Department  of  Communications  HPDF 
receiving  system  (Rice  and  Winnacott,  1977)  near  Ottawa  was  used  to  record  unmodulated 
HF  transmissions  from  a  specially-equipped  USAF  Geophysics  Laboratory  aircraft  flying 
out  of  Goose  Bay,  Labrador,  over  the  northwest  Atlantic  <>n  a  series  of  one  afternoon 
and  four  evening  fliqhts.  The  geometry  foz  each  flight  was  aoproximately  as 
illustrated  in  Figure  1.  The  great-circle  propagation  path  to  Ottawa  was  expected  to 
lie  to  the  south  of  the  auroral  oval  (Feldstesn  and  Starkov,  1967),  within  the 
raid-latitude  trough  in  ionospheric  electron  density,  during  the  evening  flights. 

Oblique  ionoqrams,  made  on  board  the  aircraft  using  FM/CW  transmissions  from  Rome,  N.Y. 
(230  km  south  of  Ottawa) ,  yielded  additional  information  about  the  modes  of 
propagation. 

Figure  2  illustrates  the  antenna  configuration  for  the  HPDF  system  for  this  experiment. 
It  consisted  of  a  1219  m  by  244  a  crossed  array  of  42  and  16  vertical  monopoles 
respectively.  The  signals  at  the  antennas  were  fed  through  matc.ied  cables  to  separate 
fixed-gain  receivers  controlled  by  a  common  synthesized  frequency.  The  resultant 
base-band  in-phase  and  quadrature  components  were  digitally  sampled  and  recorded  on 
magnetic  tape.  The  data  sampling  rete  for  each  antenna  was  1 '8  Hz.  Aliasing 
problems  were  avoided  by  the  use  of  30  Hz  low-pass  filters  on  the  output  stages  of  the 
receivers. 

A  two-dimensional  (i.e.,  Doppler  shift  and  direction  of  arrival)  analysis  was  performed 
on  the  tape-recorded  data.  The  Doppler  analysis  consisted  of  a  cosine-squared 
preweighted  Fourier  analysis  in  time,  over  a  4-second  integration  time.  Only  the 
innermost  -16  to  +16  Hz  of  the  resultant  128  Hz-wide  Doppler  window  proved  r.o  be  of 
interest  and  was  retained  for  display.  The  direction  analysis  consisted  of  a 
cosine-squared  preweighted  Fourier  analysis  in  position  performed  separately  for  each 
arm  of  the  crossed  array.  The  long  oaths  and  resultant  low  elevation  angles  allowed  a 
one-to-one  correspondence  to  be  made  between  a  particular  direction  cosine  and  azimuth, 
at  least  for  the  signals  that  came  from  directions  other  than  near-parallel  to  the 
array  arm  used.  A  computer  line  printer  was  used  to  encode  and  print  out  the  resultant 

signal  strength  as  a  function  of  Doppler  shift  and  direction  cosine  (interpreted  as 

azimuth).  The  display  encoding  was  carried  out  usinq  a  set  of  characters  arranged  in  4 
dB  steps,  representing  the  signal  level  for  each  particular  azimuth  and  Doppler  shift. 
Resolution  was  0.3  Hz  in  Doppler,  and  3  degress  in  azimuth  for  most  of  the  directions 
of  interest,  at  the  lowest  transmitted  frequency.  A  contour  plot  of  signal  le''el 
versus  azimuth  and  Doppler  shift,  taker,  from  a  line  printer  display,  is  shown  in  Figure 

3.  No  attempt  was  made  at  this  point  to  remove  the  ahift  due  to  the 

transmitter/receiver  frequency  offset  from  the  data. 

The  narrow-band  filtering  of  -.he  signal  combined  with  the  processing  qain  achieved  by 
the  direction  and  Doppler  analysis  facilitated  the  examination  of  very  weak  signals. 

The  direction  analysis  permitted  a  useful  dynamic  range  of  32  d9  at  any  one  time,  for 
signals  with  the  same  Doppler  shift  but  differ»nt  directions.  When  the  Doppler  shifts 
differed  as  well,  the  dynamic  range  was  much  q. eater. 

Data  were  recorded  on  the  LFDP  system  on  each  of  three  transmitted  frequencies  (5.621, 
8.989,  and  11.136  MHz),  for  eight  seconds,  once  every  5  or  10  minutes  throughout  the 
flights.  Corresponding  oblique  ionoqrams  were  obtained  at  15  minute  intervals.  For 
the  purposes  of  this  paper,  the  evening  data  were  restricted  to  that  obtained  for  times 
between  0050  and  0515  UT  (approximately  2050  to  0X15  LT  at  the  mid-point  of  the  HP 
propagation  path)  and  aircraft  locations  within  the  area  illustrated  in  Figure  1.  The 
afternoon  flight  data,  which  was  used  only  to  obtain  an  estimate  of  the  F-mode  signal 
strengths  for  comparison  purposes,  was  taken  on  January  25  between  2040  and  2230  OT 
(1640-1830LT)  when  the  aircraft  was  in  the  same  portion  of  its  flight  path. 


3.  RESULTS 

3.1  Available  Nodes  of  Propagation 

Based  upon  inspection  of  the  Doppler  vs  direction  displays  and  oblique  ionograms,  it 
was  found  that,  when  the  F-stode  HUF's  were  too  low  for  propagation  between  the  aircraft 
and  Ottawa,  nearly  all  the  reception  at  Ottawa  could  be  classified  into  3  modes,  all  of 
which  were  present  for  most  of  the  evening  periods  of  analysis.  Figure  3  is  a  contour 
plot  taken  from  a  Doppler  «s.  direction  display  for  a  time  and  frequency  where  all 
three  modes  appeared  with  nearly  equal  intensity.  The  three  modes  are  as  follows* 
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(4)  Sporadic  E  (Ee)  Propagation 

Sporadic  E  extending  to  frequencies  well  above  those  transmitted  by  the 
aircraft  was  observed  on  most  of  the  oblique  ienoqrams  taken  during  the  evening 
flights.  The  corresponding  HFDF  displays  showed  strong  signals,  with  oniy  a  narrow 
Doppler  spread  in  any  direction  (<0.5  Hz) ,  reread  over  a  set  of  directions  which 
usually  included  that  of  the  great-circle.  The  maximum  signal  strengths  appeared  to  be 
almost  randomly  distributed  in  direction,  a.nd  to  move  significantly  in  the  5  to  10 
minute  gap  between  measurements.  The  Doppler  shift  showed  only  a  weak  variation  with 
direction.  Such  signals  for  the  most  part  were  easily  identified  on  the  displays,  even 
at  times  when  they  were  too  weak  to  be  seen  on  the  oblique  icnograws,  and  were 
categorized  as  *E3". 

(b)  Auroral  Signals  (A) 

Auroral  signals,  denoted  by  'A",  appeared  to  be  unrelated  to  the  Es  signals 
in  time  or  location.  These  signals  were  seen  to  the  north  of  the  great-circle 
direction,  mostly  late  in  the  evening,  and  were  thought  to  be  the  result  of 
sidescattering  from  ionospheric  irregularities  located  in  a  region  of  auroral  activity. 
The  Doppler  shifts  often  showed  a  strong  variation  with  direction.  Sometimes  this 
variation  was  well-ordered,  i.e.,  the  signals  lay  along  well-defined  Doppler  shift 
versus  azimuth  'traces*  such  as  in  Fiqure  3;  at  other  times  signals  appeared  whose 
Doppler  varied  randomly  with  bearing.  The  observed  shifts  could  not  be  explained 
soiely  in  terms  of  the  aircraft  motion.  At  least  several  Hertz  of  Doppler  shift  were 
normally  attributed  to  the  motions  of  the  auroral  scatterers.  Doppler  spreads  were 
typically  more  than  1  lis. 

(c)  Skio-dist'-nce-focussed  Ground  Side  scatter  from  the  South  ( S S ) 

These  signals,  categorized  as  *SS",  were  relatively  weak  but  persistent, 
appearing  whenever  tne  display  sensitivity  was  sufficient.  They  occurred  well  to  the 
south  of  great-circle,  and  lay  along  well-defi tad  traces  on  the  Doppler  shift  vs. 
azimuth  displays.  They  often  arrived  from  an  azimuth  more  than  90  degrees  south  of  the 
great-circle  direction  and  required  the  displays  from  both  arms  of  the  crossed  array 
for  their  interpretation.  The  Doppler  shift  vs.  azimuth  behaviour  cculd  be  explained 
in  terms  of  the  aircraft  motion  and  scattering  from  a  relatively  immobile  set  of 
scatterers.  These  signals  were  attributed  to  skip-distance-focussinq  of  qrc-nd 
sidescatter  (to  the  south  where  F-MUF*s  were  expected  to  be  hiqher  than  that  of  the 
great-circle  muf's),  a  mode  which  has  been  observed  previously  on  trans-Atlantic 
circuits  (!lagg  and  Rolfe,  1963). 

A  fourth  observed  mode  which  appeared  on  tyo  of  the  evening  flights  was  that  of  oblique 
propagation  from  *-he  northern  edge  of  the  ionospheric  trough  in  electron  density.  This 
mode  had  an  MUF  0.5  l*s  1.0  MHz  in  excess  of  the  great-circle  P-mode  MUF,  it  was  seen  at 
Ottawa  on  the  lowest  transmitted  frequency  only,  and  it  persisted  for  about  an  hour 
after  the  great-cxrcie  F-mode  had  disappeared.  Its  properties  differed  cr.  th<?  two 
flights  for  vMch  it  was  seen.  One  set  of  observations  from  &  geomagnet'.caliy  quiet 
period  indicated  little  spreading  in  Doppler  shift,  direction  of  arrival  or  path-length 
(determined  from  the  oblique  ionograas),  and  relatively  little  Doppler  shift  (<1  Hz) 
due  to  ionospheric  motion.  The  other  observations  from  a  geomagnetical ly  active  period 
indicated  significant  spreading  of  the  signal  direction  and  path,  length,  and  larger 
Doppler  shifts  due  to  ionospheric  motion,  presumably  as  a  result  of  a  more  disordered 
trough  boundary. 

It  should  be  noted  that  in  addition  to  tne  above,  short-lived  inodes,  which  were  likely 
of  meteoric  oriqin,  were  occasionally  observed.  These,  are  not  considered  further  in 
this  paper. 

3.2  Relative  Amplitudes 

The  strengths  in  dB  of  the  three  types  of  frequently  occurring  modes.  Sporadic-1;  (Es), 
auroral  (A) ,  and  skip-distance  focussing  of  dfround  sidescatter  (SS)  were  examined  for 
the  four  evening  flights.  In  order  to  obtain  values  which  would  be  of  meaning  to 
operators  and  system  planners,  the  amplitudes  were  measured  relative  to  typical  F-mode 
signals.  The  F-aode  signal^  used  f<^s  this  pvrp6se  were  tfc<en  fros  data  obtained  during 
the  onc-hour  period  in  the  late  afternoon  immediately  prior  to  the  disappearance  of  the 
F-mode  when  the  MUF  dropped  below  the  transmitted  frequency.  The  January  25  afternoon 
flight  was  used  (or  this  purpose,  for fthe  8.989  and  11.136  MHz  frequencies,  and  all  5 
flights  were  used  for  the  5.621  MHz  frequency.  The  aircraft  location  at  these  times 
was  similar  to  that  for  the  portion  of  interest  of  the  evening  flights. 

The  resulting  distributions  of  signa’  strength  for  the  Es,  A,  ar.d  SS  modes  are  shown  in 
Figures  4A,  48,  4C  and  4D  for  the  eveninq  flights.  Mean  values  and  standard  deviations 
for  these  distributions  are  given  in  table  1. 
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TABLE  It 

Frequency 

(MHz) 

Mean 
E  (E 
<5S) 

signal  strengths  and  standard  deviations  for  the  three  modes:  Sporadic 
8) ,  Auroral  (A),  and  Southern  Skip-distance-focussed  qrour.d  sidescatter 
Side-Scatter  (SS) ,  for  the  four  evening  flights. 

Mean  signal  strengths  and  standard  deviations  :n  d9 

Mode  relative  to  typical  F-mode  siqnal  strength*. 

J  sn.  27 

Jan.  30 

Feb.  1  Feb.  4  (O.T.) 

5.621 

KHz 

E„  -10+8 

-25+6 

-29+3  -36^6 

A  -26+4 

-41  +  6 

-38+7  -35+6 

SS  -34+3 

-29+4 

-30+5  -32+5 

8  .989MHz 

Es 

A 

SS 

-40+9 

* 

-59+4 

-53+6 

_ * 

-47+4 

-54+8 

-61+11 

-48+6 

-56+6 

-6B+9 

-49+4 

11.136MHz 

ES 

-53+10 

-66+6 

-64  +  5 

-S3+6 

A 

* 

_  , _ 

-69+12 

_ * 

SS 

-74+4 

-56+4 

-64+8 

-6'3+4 

*  For  more  than  half  the  measurements,  the  signal  level  was  below  the  background 
level  and  could  not  be  obtained. 


Not  suprisingly,  the  signal  strengths  seen  for  these  modes  relative  to  the 
corresponding  F-mode  were  strongly  frequency  deoendeot.  Typical  values  for  the  3  -nodes 
were  -30  d9  at  5.621  MHz,  -50  dB  at  5.S89  MHz,  and  -65  dB  at  11.136  MHz.  However, 
there  was  considerable  scatter  about  these  values  for  the  various  modes  and  flights. 


Significant  differences  exist  between  the  various  days.  January  27,  a  qeomaanetical ly 
quiet  day,  experienced  significantly  stronger  sporadic-E  tnan  the  other  days  and,  at 
the  same  time,  weaker  skip-distance  focussinq  of  sidescatter.  This  was  true  at  all 
three  frequencies.  Longer  skip-distances  and  a  poorer  antenna  response  at  the 
resulting  lower  elevation  angles,  rather  than  increased  absorption,  was  likely  the 
cause  of  the  reduced  sidescatter,  since  the  effect  was  more  noticeable  at  the  higher 
frequencies.  Estimates  of  the  location  of  the  grourd-sidescatters  presented  later  in 
this  paper  corroborates  this  conclusion.  The  sporadic-E  on  this  day  was  remarkably 
high  in  strength,  especially  at  the  5.62i  MHz  frequency,  when  one  considers  that  for 
some  of  the  path  lengths  involved  (-2500  km) ,  at  least  two  hops  were  reauired  for  Fs 
propagation. 


The  three  modes  differed  signif icantlv  in  their  amplitude  variations.  The  auroral  mode 

was  noted  to  be  the  most  variable  with  time;  it  exhibited  measurement-to-measuremert 

changes  as  hiqh  as  26  d9  and  varied  as  much  as  40  dB  over  an  evening.  Large  changes  in 

siqnal  strenqth,  as  much  as  26  dB  in  mean  value,  were  noted  for  the  Es  mods  between  the 

four  evening  fliqhts;  during  the  course  of  an  evening  moderate  changes  (typically  6  dB 
rms)  were  experienced.  The  mode  experiencing  the  least  variation  dur im  the  course  of 
an  evening  was  the  SS  mode.  Its  standard  deviation  (typically  4  dh)  was  generally  the 
lowest  and  its  measure ment-to-measurement  change  '2.8  dB  average)  was  about  half  that 
of  the  other  two  modes. 

The  four  evening  flights  are  shown  in  Fiaure  5.  Similar  oacterns  were  found  for  the 
other  two  frequencies.  Several  things  are  apparent  in  this  figure: 

(i)  the  Es  mode  dominated  propagation  on  the  evening  of  January  27; 

(ii)  the  SS  mode  tended  to  dominate  propagation  for  the  other  three  evenings; 


(iii)  the  Es  mode  varied  considerably  over  the  course  of  each  eveninq; 

(iv)  the  A  mode  tended  to  be  weakest  of  the  three,  but  had  large  rapid  increases 
and  a  general  increase  after  local  midnight  (-0400  UT)  which  allowed  it  to  dominate  at 
times. 

The  fraction  of  msasur emen.ts  for  which  each  of  the  three  modes  dominated  the 
propagation  are  slotted  for  the  three  frequencies  and  four  evening  fliqhts  in  Figure  6. 
The  dominance  of  the  Eg  mode  for  the  January  27  measurements  and  the  SS  mode  for  the 
other  evenings  is  readily  apparent.  The  observed  relative  strength  of  the  Es  mode  for 
appreciable  periods  of  time  makes  it  potentially  interesting  for  extending 
communications  and  surveillance  to  frequencies  that  would  not  normally  be  avail* hie. 

The  relative  persistence  and  freouent  dominance  of  the  SS  mode  are  reasons  for 
examining  this  mode  further.  The  auroral  mode  is  of  lesser  interest  owing  to  its 


I 


:o-s 


relative  weakness,  much  qr^ater  tine  variation  and  undesirable  bonnier  character ir.tics. 
The  remainder  af  this  oaper  will  concentrate  on  the  Es  and  59  modes  and  their  nonplot 
and  direction  properties.  The  other  modes,  i.e.  the  auroral  mode  and  t rough-edoe  node, 
will  be  considered  in  the  light  of  the  problems  their  occasional  aocearancr  -nav 
introduce. 

3.3  Sporadic  E  Mode  (Es) 

The  E_  mode  observed  during  the  flights  did  not  show  a  clear  association  with  auroral 
activity.  The  very  stronq  Eg  mode  on  January  27  was  especially  surprising  as 
qeomaqnetic  activity  was  lew' for  that  evening  and  visual  auroral  observations  made  on 
board  the  aircraft  (J.  nuchau,  personal  communication)  indicated  extremely  quiet 
auroral  conditions  with  only  a  weak  continuous  aurora  observed  low  on  the  horixon. 

The  HFDr  measurements  suggest  that  the  rs  mode  is  a  nersistent  feature  of  th*  subaurotal 
reqion  durinq  evening  hours.  General  studies  of  sporadic  E  occurrence  at  hiqh 
latitudes  relyinq  on  vertical  ionosonde  data  {Gassman,  1971;  I’aqner  and  Pike,  1971 < 
restrict  persistent  Es  to  the  Feldstein  auroral  oval  (Feldstem  and  5tatkov,  t967).  The 
southern  boundary  of  the  instantaneous  Feldstein  oval  CReillv,  1 s 7 7 y  >;hale:i:  1970)  was 
determined  to  oe  several  deqrees  to  the  north  of  the  qrect-circle  for  the  oresent 
fliqhts.  However,  a  vertical  ionosonde  oa  board  the  aircraft  indicated  little  or  no 
sporadic  E  for  fliqhts  when  stronq  Es  was  seen  to  persist  on  the  oblioue  records  (J. 
Guchau,  personal  communication).  Therefore,  the  oblique  measurements,  which  are  a  more 
direct  indication  of  nodes  available  for  HF  propaqation,  implv  a  persistent  and 
sometimes  relatively  stronq  Es  mode  which  is  not  necessarily  observed  on  vertical 
incidence  soundinq  records,  and  extends  further  south  than  previously  suggested. 

A  typical  E. -propagated  siqnal,  as  seen  on  the  HFDF  displays,  is  illustrated  in  Piqure 
7.  It  consists  of  an  enhanced  reqion  relatively  narrow  in  oopoler  and  elonoated  in 
bearing,  havinq  a  sliqht  chanqe  in  Doppler  with  bearing,  with  one  or  more  maxima  alum 
its  length. 

The  bearings  of  maximum  siqnal  strenqth  were  tabulatedr  the  resulting  distributions  are 
plotted  ir.  Figure  8.  when  an  equally  stronq  siqnal  was  experienced  in  several 
directions  at  once,  the  count  for  that  measurement  was  divided  among  those  directions. 
For  operational  ourposes,  the  strength  of  the  Es  mode  relative  to  other  modes  will 
determine  its  usefulness.  Thus  tho  distributions  were  divided  on  the  basis  of  the 
relative  strength  of  the  Es  mode.  No  significant  differences  between  the  three 
frequencies  of  transmission  wore  found,  and  their  results  were  combined  in  order  to 
improve  the  statistics. 

The  results  of  Figure  8  are  an  indication  of  the  limits  on  bearing  accuracy  that  may  be 
obtained  by  surveillance  systems  extending  their  times  and  frequencies  of  operation 
through  use  of  the  E«  mode.  When  the  E-  mode  was  by  far  the  strongest  mode  f>  ?0  dl) , 
its  direction  of  maximum  nearly  always  lay  vithin  2  deqrees  of  the  great  circle 
direction.  Slightly  weaker  E8  modes  (8  to  16  d9  above  the  next  strongest  mode)  showed 
much  more  spread  in  direction,  with  25»  havinq  a  bearing  more  than  5  deqrees  away  from 
great-circle.  This  spreading  of  arrival  directions  away  from  qreat-circle  became  even 
more  pronounced  when  the  £.  mode  droDoed  to  a  level  comparable  to  or  less  than  the  no** 
strongest  signal.  The  weaker  Es  modes  alno  revealed  a  tendency  for  the  propaqation  to 
occur  slightly  northward  of  great-circle,  where  more  E3  would  be  expected. 

The  spreads  in  bearing  (taken  between  the  <  dS  points)  of  the  Eg-propaqated  signal  were 
scaled  from  the  line-printer  displaya  and  tabulatedr  the  resulting  distributions  are 
shown  in  Figure  9.  The  data  for  all  three  fseouencies  were  combined,  k  separation  was 
made  on  the  basis  of  signal  strength  reietivr  to  the  other  modes.  The  results  of 

Figure  9  follow  a  pattern  similar  to  that  of  tho  previous  fioure.  For  times  when  the  Cs 

mode  was  very  strong  (>  20  d9)  relative  to  the  other  modes,  the  median  azi-xutnal  spread 

was  4  decrees  when  it  was  moderately  stronger  (;i  to  16  •'•!),  the  median  sotead  was  d 

deqreesr  and  for  times  when  the  Ks  node  was  approximately  the  same  strength  as  the  nc?.t 
strongest  mode,  the  median  spread  was  16  deqrees. 

These  spreads  in  aximutn  and  the  PreviouJly-notr.d  differences  from  nreat-circle  in  the 
directions  of  maximum'  strenqth  are  larqer  than  that  normally  exoerienced  for 
conventional  F  ond  s-mods  propaqation,  and  will  limit  the  effectiveness  of  certain 
signal  enhancement  techniques  (e.a.,  adaptive  beam- forming)  which  are  designed  for 
siqnals  arriving  from  a  single  well-defined  direction. 

The  Doppler  behaviour  noted  for  the  £s  mode  is  we’*  illustrated  in  Fioure  7.  In  any  one 
direction  the  spread  vaa  Quite  narrow^  often  less  than  the  0.3  !ls  resolution  of  the 
experiment.  However,  the  F..  signal  was  soread  in  azimuth  and  experienced  a  slloht 
change  in  Doppler  shift  with  azimuth.  This  change  was  due  to  the  motions  of  the 
aircraft  and  E#  scattering  centers,  each  of  which  contributed  differently  in  the 
different  directions.  kn  analysis  cf  the  motions  involved  in  the  Figure  7  example 
(8.989MHz,  0251  UT,  January  30)  is  illustrated  in  Figure  10.  For  the  Duroose  of  the 
analysis,  the  angle  between  the  propagation  path  and  qreat-circle  wag  assumed  to  be  the 
same  at  the  aircraft  os  at  Ottawa,  i.e.  the  S#  was  assumed  to  be  located  at  the  midpoint 
of  the  path?  however,  the  basic  conclusions  do  not  chanqe  when  the  relative  sizes  of 
the  two  angles  are  changed.  The  aircraft  contribution  was  computed  from  the  velocity 
information  obtained  from  the  aircraft  log,  and  subtracted  from  the  observed  freouency 
shift  for  the  various  directions.  In  the  great-circle  direction,  Fs  motion  cannot  cause 
any  significant  Doppler  shift  because  of  the  geometry  involved?  the  shift  in  that 


direction  wta  therefore  the  transmittei-receiver  offset.  This  was  then  subtracted  from 
all  directions.  The  final  residual  Doppler  shift  was  that  due  to  the  component  of  Rs 
notion  perpendicular  to  the  great  circle  direction.  The  observed  neoative  component 
south  of  oreat-circ le,  becoming  positive  north  of  great-circle,  implied  a  component  of 
motion  in  the  southward  sense  of  thr  order  of  100  n/sec.  Over  the  20  decrees  spread  in 
asimuth  experienced  for  the  example  of  Piqure  7,  the  R„  notions  cave  rise  to  a  chance  in 
Doppler  of  approximately  2  Us.  Over  the  more  typical  8  decrees  spread  in  arrival 
directions.  Rs  motions  of  the  order  of  100  m/sec  would  cause  a  spreading  in  Doppler  of 
0.5  ho  1.0  Hs. 

3.4  Skip-distance-focusncd  Ground  Sidescatter  (SS  mode) 

A  typical  example  of  afcip-distance-focussed  ground  sidescatter,  at  8.989  mitt,  is 
Illustrated  in  Piqure  11.  The  results  from  the  line  printer  displas^s  for  both  arms  of 
the  array  were  combined  to  make  this  plot.  Contour  levels  of  signal  strenqth  were 
plotted  as  a  function  of  bearinq  and  Doppler  shift.  The  SS  mode  signals  were  generally 
seen  to  lie  along  one  or  several  preferred  "traces",  in  this  case,  two  iines  running 
from  bottom  left  towards  upoer  right. 

The  Doppler  shift  of  tne  sc  mode  siqnals  could  be  assumed  to  be  entirely  due  to  the 
component  of  aircraft  velocity  in  the  direction  of  the  ground  scatterers,  since  the 
scattering  was  from  ground  (or  sea)  irregularities  whose  motion  was  negligible  relative 
to  that  of  the  aircraft.  Thus,  the  bearing  of  the  ground  scatterers  at  the  aircraft 
could  be  determined  fro*  tne  measured  Dopoler  shift  and  known  aircraft  velocity  vector. 
This,  together  with  the  measured  bearing  at  Ottawa,  enabled  a  rough  triangulation 
estimate  of  the  qround  scatter  locations. 

The  location  estimates  thus  derived  for  the  8.989  mh*  measurements  illustrated  in 
Fiqure  11  are  plotted  in  Piqure  12.  The  distances  involved  in  the  S3  mode  can  bo  seen 
to  be  very  large,  with  resultant  orooaqation  times  varying  from  13  to  40  ms.  The 
positions  of  the  local  maxima,  numbered  1  to  8  in  Figure  11,  were  used  in  the 
estimates.  The  resulting  locations  can  be  seen  in  cigure  12  to  fall  into  one  of  two 
arouos,  according  to  the  line  alonq  which  thev  lav  in  Pinure  11,  numbers  1  to  5  beinq 
in  the  closer  group,  and  numbers  6  to  8  about  twice  as  far  from  the  areet-circle 
■Joining  Ottawa  and  the  aircraft.  The  two  groups  appear  to  correspond  to  one-hop  and 
two-hop  P-mode  skip  distances.  Also  shown  in  Figure  12  ore  tie  concurrent  results  for 
5.621  MHt.  The  derived  locations  for  this  freouenev  fall  into  two  similarly-spaced 
groupings  which  lie  somewhat  closet  than  the  corresponding  groupings  for  the  higher 
frequency.  This  is  consistent  with  the  skip-distance  focussing  explanation;  shorter 
skio  distances  are  expected  at  lower  frcouenci?s. 

Location  estimates  of  qround  scatterers  were  made  for  a  number  of  examples  from  the 
four  evening  flights.  Results  were  in  general  3imilei  f.  those  of  Fiflure  12.  The 
S3-»ode  propagation  times  found  from  these  estimates  are  clotted  in  Ffnure  13  for  the 
three  frequencies  and  four  evening  flights.  Several  trends  are  apparent  in  this 
figure.  The  general  increase  in  propagation  time  witn  frequency  can  be  seen  by 
comparing  the  distributions  for  the  three  freouencies  for  any  single  flighc. 

Differences  exist  between  the  flights.  The  prooagation  times  (and  distances  involved) 
for  January  27  tended  to  be  higher  than  those  for  the  other  three  flights,  presumably 
as  a  result  of  longer  skio  distances.  The  correspondingly  lower  elevation  angles  at 
Ottawa  combined  with  the  reduced  antenna  gain  at  low  angles  could  explain  the  lower 
SS-»ode  signal  amplitudes  noted  earlier  for  that  flight. 

The  very  long  delay  times  and  the  spread  in  delay  times  noted  for  the  S3  mode  will 
limit  the  rate  of  communications.  The  SS  mode  was  often  observed  (see  Piqure  5)  to  be 
comparable  in  amplitude  to  the  much  shottcr-path  Es  mode.  The  resulting  multipath 
interference  can  be  expected  to  limit  the  rates  of  communication  via  these  modes  to 
less  than  25  baud  at  times. 

3.5  Auroral  (A)  'lode  and  Trough-Edge  mode 

These  modes,  which  were  noted  to  occur  tc  the  north  of  qreat-circle  were  eichet 
norma, iy  weak,  with  occasional  large  increases  in  strength  (A-mode),  or  extremely 
limited  in  frequency  (trough-edge).  They  are  not  es  potential Iv  useful  for 
communications  and  surveillance  as  the  Ks  and  ss  modes.  However  they  mar  have  a 
disruptive  effect  on  communications  or  surveillance  systems  by  virtue  of  their 
occasional  strong  appearance  and  should  be  considered  in  this  light. 

The  delay  times  for  these  modes  would  not  be  expected  to  be  as  long  as  those  of  the  SS 
mode.  Thus,  for  a  system  operating  at  data  rates  suitable  to  tne  multioath  conditions 
of  the-  SS  taode,  the  euroral  ano  trouch-edoe  modes  should  pose  no  problem.  However,  for 
direction-finding  systems  these  modes  will  cause  the  sporadic  appearance  of  strong 
siqnals  ir,  directions  far  removed  fro*  the  transmitter  bearing.  The  amoral 
propagation  tended  to  be  highiv  variable  in  its  direction  of  arrival.  dopdW  shift, 
and  amplitude,  as  well  as  normally  possessing  several  n*  spread  in  Doppler,  and  so 
miqht  be  discriminated  against  on  this  basis.  The  same  is  not  true  for  the  trouoh-rdoe 
» ode*  it  was  observed  on  January  27  to  possess  a  near  constancy  in  direction,  a  narrow 
Doppler  spread,  and  a  sionifiesnt  relatively  constant  strength  for  at  least  one  hour  at 
the  5.621  MM*  freouenev. 


20-7 


1 •  CONCLUSIONS 

The  present  results  on  medium  and  long-path  HP  propagation  suqqest  the  oersistent 
existence  of  two  relatively  weak  propagation  modes  in  the  evening  subaurorai  region 
which  may  be  used  to  extend  the  ranqe  of  operating  freouencies  normally  used  for 
communications  and  surveillance  well  above  the  very  low  F-mode  HUF's  normally  present 
for  that  time  and  regiont 

(i)  A  sporadic-G  mode,  the  existence  of  which  is  not  necessarily  indicated  on 
vertical  ionoqrans.  This  mode  is  characterised  by  a  narrow  Doppler  spread,  it  is 
centered  close  to  great-circle,  and  it  possesses  an  amplitude-dependent  soread  in 
direction  of  the  order  of  8  degrees  for  moderately  rtrong  propagation.  This  mode  shows 
appreciable  variation  in  strength  from  eveninq  to  oveninq,  as  well  as  moderate 
variations  within  the  course  of  an  evening  (see  Table  1).  Slight  Dopoler  shifts  in 
off-great-circle  directions  (-1  Ms)  occur  as  a  result  of  ionospheric  motions, 

(ii)  Skip-distance-focussed  qrcund  sidescatter.  This  mode  occurs  in  directions 
well  to  the  south  of  great-circle,  and  involves  propagation  times  much  in  excess  of 
typical  great-circle  modes.  It  is  more  constant  in  strength  than  the  Co  mode.  It  was 
visible  throughout  the  four  evening  flights,  whenever  experiment  sensitivity  warranted 
its  being  3een.  DoDpler  shifts  observed  for  this  mode  were  explained  in  terms  of  the 
aircraft  motion. 

The  relatively  weak  nature-  of  these  modes  (Table  1)  would  have  to  be  considered  in 
planning  for  their  use.  The  severe  multioath  effects  inherent  in  the 
qround-sidescatter  mode  place  additional  constraints  on  the  data  rate  achievable  when 
using  that  mode.  Thus  these  -sodes  can  be  regarded  as  a  means  of  allowing  limited  HP 
communications  at  times  when  extremely  low  F-laver  HUF's  make  normal  communicationr 
impossible. 
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Figute  2  HFDF  receiving  array  near  Ottava.  B.2  m  vertical  elements  used 


COJ 


8EAIWNG  FROM  OTTAWA  (“EOF  N) 


20-10 


0265  U.T.,  FEB.  1,  1976  5.621  MHz 


DOPFUSR  SHIFT  PLUS  FREQUENCY  OFFSET  (Hz) 


Figure  3 
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Figure  4A  Distribution*  of  received  signal  strengths  for  the  Eg,  SS  and  A  «odes  at  the 
three  transmitted  frequencies  for  0050-0S12U?,  Jan.  *7  (evening  flight  1). 
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Figure  4fi  Distributions  of  received  signal  strengths  for  the  E-,  SS  and  A  modes  at  the 
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Figure  4C  Distributions  of  received  signal  strengths  for  the  Es#  SS  and  A  modes  at  the 
three  transmitted  frequencies  for  OOSO-OiiZOT,  Peb.  ),  (evening  flight  3!. 
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Figure  40  Distributions  of  received  signal  strengths  for  the  E«,  SS  and 
three  transmitted  frequencies  for  095G-0312UT,  Feb.  4  (evening 
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Figure  13  Distributions  of  path  lenqth  for  the  SS  mode. 


DISCUSSION 


James  A.  Whalen.  US 

In  Figure  3:  Do  the  differences  in  Doppler  shifts  -  negative  for  auroral  propagation,  zero  for  Es,  ind  positive  for 
the  southern  scatter  mode  -  occur  when  the  aircraft  was  moving  toward  the  north?  if  so,  is  it  possible  to  detect  and 
measure  north-south  (or  in  general  perpendicular  to  line  of  sight)  components  of  Doppler  echoes  from  aircraft  by 
QTH-B  radar  with  such  a  technique? 

Author’s  Reply 

The  position  of  the  Doppler  shift  attributable  to  aircraft  motion  would  be  preferentially  positive  toward  the  north, 
end  negative  toward  the  south  when  the  aircreft  is  moving  northward.  However,  added  to  that  must  be  a  shift  due 
to  Use  motions  of  the  ionospheric  reflection  or  scattering  point.  Under  certain  conditions,  e.g.  reflection  from  the 
northern  edge  of  a  well-ordered  trough,  it  may  be  possible  to  obtain  the  measurement  you  suggest. 
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1.  introduction 

The  mathematical  modelling  of  High  Freouency  (HF)  radio  propagation  In  the  Ionosphere  is  now  a  well 
developed  branch  of  radio  science,  having  been  In  existence  for  over  a  half  century.  Early  workers  in  this 
field  were  concerned  with  rigorous  analytical  formulations  of  the  coddling  problem  of  which  the  well-known 
Applaton-Harfcree  formula  represents  a  major  achievement  In  the  theory  of  wave  propagation.  This  formula, 
together  with  mathematical  models  for  the  Ionospheric  electron  density  distribution  developed  by  Chapman 
(1931)  enabled  reasonably  accurate  calculations  to  be  made  of  the  distribution  of  HF  radio  energy  In  the 
earth- ionosphere  cavity.  The  complexity  of  radio  propagation  in  the  ionosphere  is  such,  however,  that 
solutions  to  practical  problems  usually  could  be  obtained  only  by  making  several  simplifying  assumptions  or 
after  extremely  laborious  calculation.  As  more  information  became  available,  in  the  1940s  and  subsequently, 
concerning  detailed  ionospneric  structure,  requirements  developed  for  improved  computational  techniques. 

These  requirements  were  substantially  answered  by  the  advent  of  digital  computers  and  by  the  development  of 
a  rigorous  mathematical  solution  (Haselgrove,  1955)  for  the  trajectories  of  radio  waves  in  the  Ionosphere. 

The  major  emphasis  of  HF  radio  propagation  simulation  for  many  years  was  in  connection  with  long  range, 
point-to-point  communication  circuits.  The  development  of  the  "ITS-78“  computer  algorithm  (Barghausen  et 
al,  1969)  represented  a  major  advance  In  this  area.  While  HF  cotanunications  is  still  a  major  application 
of  propagation  simulation  techniques,  recent  technological  advances  have  generated  reoulrements  which  are 
in  some  respects  more  demanding.  Over-the-horizon  (OTH)  radars,  operating  in  the  HF  band,  are  a  prime 
example  of  a  new  technology  which  has  placed  very  stringent  demands  on  radio  propagation  simulation  techniques. 
Satclllte-to-ground  propagation  In  the  HF  and  low  VHF  bands  is  another  area  In  which  new  simulation  procedures 
hav*  become  necessary.  The  continual  quest  for  greater  accuracy  in  HF  direction  finding  and  su'-veil  lance 
systems  has  led  to  requirenents  for  modelling  relatively  small  scale  Ionospheric  features,  such  as  travelling 
Ionospheric  disturbances  (TIDs).  Modes  of  propagation  which  have  hitherto  been  regarded  as  scientific 
curiosities  may  soon  be  exploited  for  practical  purposes;  thus  techniques  have  beer,  developed  for  simulating 
HF  propagation  In  chordal  and  ducted  modes,  with  appropriate  consideration  of  the  mode  coupling  problem 
(injection/ejection)  using  both  natural  and  artificially  generated  Ionospheric  irregularities. 

A  major  thrust  of  HF  propagation  simulation,  in  recent  years  has  been  the  development  of  real  time 
operational  techniques  for  propagation  management.  This  has  entailed  tne  development  of  r.igh  speed  computa¬ 
tional  procedures,  suitable  for  Implementation  In  relatively  small  computers  In  some  casts,  and  appropriate 
techniques  for  Incorporating  some  form  of  “real-time"  data  Into  the  Ionospheric  model  in  order  to  render  it 
more  closely  representative  of  the  actual  Ionosphere  through  which  the  desired  signal  is  proDagatlng.  This 
paper  will  attespt  tc  summarize  these  recent  developments  In  HF  propagation  simulation  and  relate  them  to 
practical  appl i cat  ions. 

2.  Ionospheric  Models 

The  first  prerequisite  in  the  solution  of  a  propagation  simulation  problem  Is  the  qeneration  of  an 
appropriate  ionospheric  model.  Naturally,  the  complexity  of  the  model  is  determined  to  some  extent  by  the 
accuracy  required  In  the  final  result.  On  the  other  hand,  there  is  a  reasonably  well-established  limit  to 
this  accuracy  which  Is  set  primarily  by  the  degree  of  realism  with  which  the  model  represents  the  Ionospheric 
structure— other  wo>-ds.  by  the  extent  to  which  small  departures  from  the  modelled  Ionosphere,  whether 
random  or  deterministic,  influence  the  final  desired  result.  Another  factor  wnich  Is  Important  In  selection 
of  a  mathematical  model  Is  the  kind  of  mathematical  ray  tracing  whlct  Is  to  be  performed  in  the  modelled 
ionosphere,  in  general,  rapid,  efficient  ray  tracing  algorithms  require  analytic  models,  while  the  Increased 
accuracy  inherent  1r  full  three  dimensional  ray  tracing  can  best  be  exploited  with  a  numerical  specification 
of  the  ionosphere. 


2.1  Numerical  Specification 

The  nimericel  model  of  the  F-rcgion  developed  by  the  Institute  for  Telecommunications  Sciences  (ITS) 
and  implemented  In  the  computer  algorithm  HFMUFES-4  has  remained  for  two  decades  the  dominant  component  of 
most  ionospheric  models.  This  model  specifies  the  global  distribution  of  F-region  critical  frequency  (foF2), 
height  of  peak  ionization  (h»F)  and  parabolic  semi- thickness  (YmF)  -  the  last  parameter  is  specified 
Indirectly  as  the  difference  between  t*,F  and  the  height  of  the  bottom  of  the  layer.  For  accurate  three 
dimensional  ray  tracing.  It  Is  usually  necessary  to  substitute  a  more  realistic  vertical  ionospheric  profile 
for  that  contained  In  HFKUFES-4.  An  example  of  a  suitable  vertical  profile  is  that  of  Rush  et  at  (1973), 

In  which  an  E-reglon  model  similar  to  that  of  HFMUFES-4  Is  merged  smoothly  and  analytically  to  the  ITS  model 
for  the  F- layer  peak. 

Subsequent  to  the  development  of  the  ITS  model,  advances  in  theoretical  and  empirical  knowledge  of  the 
polar  regions,  together  with  requirements  for  Improved  accuracy  In  polar  ionospheric  HF  simulation,  led  to 
efforts  to  modify  the  ITS  model  iii  the  polar  regions.  It  was  understood  by  this  time  that  the  polar 
Ionosphere  exhibits  a  substantial  component  which  Is  ordered  In  geomagnetic  rather  than  geographic  coordinates. 
A  system  of  coordinates  known  as  the  “Corrected  Geomagnetic  System  (C6S)'  (Hakura,  1965)  was  found  to  be 
useful  In  specifying  a  modifying  term  to  the  ITS  model  at  high  latitudes.  Furthermore,  It  was  also  recognized 
that  the  level  of  geomagnetic  activity  pi;,*-1  t  more  ccoplex  role  In  controlling  high  latitude  ionospheric 
structure  than  at  tmaperate  latitudes,  a  numerical  specification  has  beer,  developed  at  RADC  {Miller  and 
Gibbs,  1975)  which  combines  the  above  factors  to  produce  a  global  lonosoheric  model  reflecting  current 
understanding  of  the  polar  Ionosphere.  Among  the  major  features  of  this  model  Is  a  numerical  specification 
of  the  Ionospheric  trough  and  the  auroral  oval.  In  the  CSS.  Figure  1  Illustrates  the  model  for  f„F?  for  the 
winter  season  at  Sunspot  Number  100.  for  a  level  of  th>  PWnrv  "  *  ■  ■  ■  - 
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CGS.  Figure  1  (a)  is  the  result  of  transforming  the  ITS  model  for  the  appropriate  conditions  into  the  CGS 
and  applying  a  "correction"  factor.  Illustrated  ir.  Figure  1  (b).  This  factor  was  derived  empirically  by 
means  of  regression  analysis  of  a  large  amount  or -vertical  incidence  ionosonde  data  against  the  ITS  model, 
ordering  the  residuals  in  the  CGS  and  extracting  a  Kp  dependence. 

Figure  2  illustrates  the  geometry  of  a  particular  auroral  propagation  path,  showing  the  locations  of 
the  auroral  oval  and  the  solar  terminator.  Figure  3  shows  the  contours  of  plasma  frequency  in  the  vertical 
plane  through  the  propagation  path,  predicted  by  the  combined  RAOC  and  SRI  models.  Also  shown  ate  sample 
traced  rays  at  various  elevation  angles  from  the  transmitter,  illustrating  an  example  of  a  ducted  ray  at 
10°  elevation. 

2.2  Quasi-Analytic  Specification 

The  structure  of  the  Ionosphere  on  a  global  scale  is  too  complex  to  permit  a  fully  analytic  specification. 
The  term  "analytic"  here  has  a  special  meaning,  related  to  the  subsequent  solution  of  the  ray  tracing  problem, 
in  practice  it  is  not  possible  to  represent  the  vertical  profile  by  a  suitable  mathematical  function  while 
still  maintaining  acceptable  accuracy.  This  is  not  possible  in  modelling  horizontal  variations  on  a  global 
basis,  although  over  a  limited  geographic  extent,  even  the  horizontal  ionospheric  gradients  may  be  represented 
by  simple  analytic  functions,  such  as  linear  or  quadratic  functions  of  range.  An  example  of  a  model  of  this 
kind  is  one  in  which  the  vertical  ionospheric  profile  is  represented  by  a  series  of  three  quasi-parabolic 
layers  (Croft  and  Hoogasian,  1968)  connected  by  matching  segments  which  preserve  mathematical  continuity  of 
the  electron  density  and  its  first  derivative  with  altitude.  The  horizontal  structure  of  the  model  is 
similar  to  that  contained  in  the  ITS  specification.  Such  a  model  was  recently  developed  (Miller  and  Gibbs, 
1979),  with  the  name  FIMP  (Fast  Ionospheric  Modelling  Program),  for  quasi-real  time  system  application. 

Figure  4  shows  an  examole  cf  the  vertical  profile  generated  by  FIMP.  The  virtue  of  this  particular  model 
is  that,  when  coupled  to  a  suitably  designed  ray  tracing  procedure,  the  particular  analytic  form  for  the 
vertical  profile  permits  extremely  rapid  radio  path  computation 

3.  Computation  of  Absorption 

The  computation  of  absorption  has  traditionally  been  treated  in  quasi -empirical  manner  in  which  the 
fiondcvlatlve  0-region  absorption  is  calculated  as  a  function  of  solar  zenith  angle,  together  with  empirically 
determined  constants.  Recent  work  by  Bradley  ind  George  (1974)  has  refined  this  procedure  by  providing  a 
global  map  of  these  empirical  constants,  incorporating  their  seasonal  dependence  and  also  containing  a 
correction  for  deviative  absorption  in  the  E-region.  This  model  is  suitable  for  rapid  and  reasonably 
accurate  computation. 

Another  approach  to  the  calculation  of  absorption  is  the  calculation  of  the  attenuation  term  in  the 
Appleton-Hartree  equation  for  refractive  index  during  numerical  ray  tracing.  This  is  a  straightforward 
approach  involving  a  r-">resentation  (either  analytic  or  numerical)  of  the  spatial  distribution  of  electron 
collision  frequency  in  the  Ionosphere,  which  amounts  in  practice  mostly  to  the  vertical  (altitude) 
distribution.  A  recent  development  in  this  area  was  the  incorporation  of  electron-ion  collisions,  in 
addition  to  electron-neutral  collisions  (Rush  and  Elkins,  1975).  This  enables  an  accurate  estimate  to  be 
made  of  F-region  deviative  absorption  which  hitherto  had  normally  been  ignored  in  propagation  simulation. 

This  component  of  absorption  is  important,  for  example,  in  calculations  of  HF  ionospheric  ducting  and  in 
HF  satellite  to  ground  propagation.  In  general,  the  numerical  ray-tracing  approach  to  the  calculation  of 
absorption  is  useful  and  often  essential  in  cases  where  atypical  collision  frequency  profiles  exist  (auroral 
region,  nuclear  burst  regions)  or  when  the  propagation  pith  is  r.ot  of  the  classical  “hop"  type. 

3.1  Auroral  Absorption 

In  the  auroral  regions  there  exists  a  component  of  D-region  ionization,  produced  by  energetic  charged 
particle  precipi cation,  which  is  best  ordered  In  corrected  geomagnetic  coordinates.  The  absorption  which 
this  ionization  Induces  on  HF  propagation  paths  often  greatly  exceeds  the  normal  solar  produced  component. 
Auroral  absorption  Is,  however,  sporadic  in  nature  and  is  necessarily  represented  in  statistical  terms  in 
propagation  calculations.  Recent  published  work  on  this  subject,  relevant  to  numerical  computation  cf  HF 
absorption,  includes  that  of  Foppiano  (1975),  Vondrak  et  al  (1978)  and  Elkins  (1972). 

4  Numerical  Ray  Tracing 

Recent  developments  in  numerical  ray  tracing  have  been  largely  confined  to  the  realm  of  computer  software 
technology.  The  most  igorous  approach  to  ray  tracing  is  the  solution  of  the  so-called  "Haselgrove  equations" 
(Haselgrove,  1SS5),  for  which  purpose  a  computer  program  was  developed  by  Jones(1968).  This  program  is  ir 
wide  use  in  the  HF  radio  propagation  corrmun.ty,  although  it  has,  in  sune  Instances,  been  extensively  modified 
to  improve  its  Flexibility  and  to  tailor  it  to  specific  problems.  At  RADC,  for  example,  the  following 
modifications  have  been  made  to  the  original  program  cf  Jones: 

1)  Input  of  fully  numerical  Ionosphere  specified  on  a  three  dimensions!  lattice  of  arbitrary  (including 
variable)  spacing. 

2)  Location  of  computational  pole  (i.e.,  the  symmetry  axis  of  the  spherical  coordinate  system)  at  the 
transmitter. 

3)  Incorporation  of  corrected  geomagnetic  coordinate  system  for  polar  ionosphere  representation. 

4)  Optional  sporadic-E  reflection  incorporated. 

5)  Incorporation  of  optional  multiple  order  spherical  harmonic  expansions  of  the  geomagnetic  field. 

6)  Computation  along  the  ray  paJ;  of  the  magnetic  aspect  angle,  i.e.,  the  angle  between  the  propagation 
vector  and  'he  local  geomagnetic  field. 

7)  Inclusion  o:  generalized  electron  collision  frequency  profiles,  containing  electron-ion,  as  well  as 
electron-neutral  components. 

8)  Provision  of  s  variety  of  output  options,  permitting  plotting  in  various  formats,  calculation  of 
minimum  group  path,  Doppler  shift  and  other  derived  parameters. 

$)  A  homing  feature  is  Incorporated,  in  which  a  logical  search  procedure  is  implemented  to  enable  the 
propagation  path  from  a  given  transmitter  to  terminate  at  a  specified  point,  either  on  the  e^rth  or  in  space. 
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S.  HF  Auroral  Radar  Clutter 

A  major  factor  In  the  performance  of  radars  operating  near  the  auroral  regions  Is  auroral  scatter 
giving  rise  to  unwanted  ("clutter")  returns.  From  another  point  of  view.  It  has  been  proposed  (Bates,  1971) 
that  a  single  HF  radar  located  near  the  geomagnetic  pole  could  be  used  to  monitor  continuously  the  location 
and  level  of  activity  of  the  auroral  oval,  by  means  of  auroral  bzckscati.-r.  In  both  of  these  applications, 
an  appropriate  propagation  simulation  procedure  is  essential— in  the  former  case  to  permit  optimisation  of 
radar  performance  in  an  auroral  environment,  and  In  the  latter  to  permit  interpretation  of  the  data. 

Auroral  scatter  Is  caused  by  small  scale  Ionospheric  irregularities  generated  by  a  variety  of  plasma 
instabilities.  Because  of  the  strongly  anisotropic  nature  cf  'onospheric  conductivity,  these  plasma 
irregularities  tend  to  be  elongated  in  the  direction  of  the  local  geomagnetic  field,  with  the  result  that 
their  radar  cross  section  Is  usually  highly  directional,  with  a  maximum  value  In  n  direction  perpendicular 
to  the  magnetic  field.  A  procedure  for  HF  auroral  clutter  computation  involves  four  principal  elements: 

1}  A  model  for  the  distribution  in  the  ionosphere  of  small  scale  Irregularities. 

2)  A  model  for  the  geomagnetic  field  structure. 

3)  A  model  for  the  ambient  ionosphere. 

4)  A  ray  tracing  procedure  In  which  the  geomagnetic  aspect  angle  (see  section  4)  Is  computed  during 
refraction  of  the  ray. 

Comtination  of  these  four  elements  permits  calculation  of  the  regions  from  which  auroral  clutter  will  be 
observed,  namely  those  reqlons  containing  sraall  scale  Irregularities  In  which  the  magnetic  aspect  angle, 
after  partial  refraction,  achieves  the  value  90°.  In  addition,  if  the  backscatter  cross  section  of  the 
auroral  Irregularities  is  known,  as  a  function  of  geomagnetic  aspect  angle,  the  magnitude  of  the  clutter 
return  can  be  computed  by  a  simple  extension  of  this  procedure. 

5.1  Clutter  Amplitude 

Figures  5  and  6  show  models  for  the  volumetric  backscatter  cross  section  of  E-  and  F-reglon  ionospheric 
Irregularities  respectively  (Elkins,  1979).  (The  volumetric  cross  section  is  the  equivalent  point  target 
cross  section  per  unit  illuminated  volume.)  The  cross  section  Is  depicted  in  the  CGS,  for  the  winter  season 

at  a  moderate  level  of  geomagnetic  activity  (Kp  *  2).  Due  to  the  strong  anisotropy  of  auroral  scatterers. 

In  which  they  appear  greatly  elongated  along  the  local  geomagnetic  field  direction,  auroral  clutter  returns 
are  experienced  by  a  radar  only  from  those  regions  In  which  the  propagation  vector,  after  refraction, 
achieves  near-orthongonallty  with  the  geomagnetic  field.  The  computation  of  range-azimuth  dependence  of 
received  auroral  clutter  power,  for  a  particular  radar,  thus  Involves  two  steps: 

a)  Determination  of  the  regions  of  "orthogonality"  by  means  of  ionospheric  modelling  and  ray  tracing; 

b)  Solution  of  the  standard  radar  equation,  using  the  radar  parameters  together  with  the  auroral 

clutter  cross  sections  as  modelled  and  Illustrated  in  Figures  5  and  6. 

The  computation  of  equivalent  point  target  cross  section  from  volumetric  cross  section  involves 
estimation  of  the  volume  of  auroral  Irregularities  illuminated  bv  the  radar.  In  general,  this  Is  a  far 
more  difficult  task  for  a  HF  radar  than  for  a  llne-of-sight  (UHF)  radar,  due  to  the  large  ionospheric 
refraction,  and  Involves  an  exhaustive  lay  tracing  analysis.  Figure  7,  however,  illustrates  an  approximate 
method  of  computing  illuminated  volume,  in  teres  of  an  effective  vertical  illumination  angle.  This  angle 
{  nc  )  is  determined,  at  a  given  range  and  for  a  given  radar  pulse  length,  by  the  requirement  for  geomagnetic 
orthogonality,  as  Illustrated, 

The  calculation  of  F-regfon  auroral  clutter  pwer  Pc  experienced  by  a  hypothetical  experimental  HF  radar 
at  600  geomagnetic  latitude  proceeds  as  follows: 

Pc  *  Pt  Gt  Dr  °y  vs 
(4tt)3  R4  l? 


where  Pt  *  transmitter  ayerage  power  (I  kv.) 

Gf  «  transmit  antenna  gain  (15  dB) 

«  receive  antenna  directivity  (15  d8) 

X  *  wavelength  (50  uetersj 
oy  ■  volume  backscatter  cross  section 
V$  *  Illuminated  volume 
•  HR*  4t'frc x 
R  *  range 

*  •  azimuthal  beamwidth  (10  deg) 
t  «  radar  pulse  length  (100  psec) 
c  *  velocity  of  light 
L  *  one  way  absorption  loss 

The  antenna  radiation  patterns  are  assumed  to  be  broad  In  the  vertical  plane  (short  monopoles)..  Figure 
8  shows  the  regions  of  geomagnetic  orthogonality  in  a  120°  sector  to  the  Korth  of  tne  radar,  for  2  hop 
propagation,  determined  by  modelling  and  ray  tracing  at  6  Wz  frequency.  Figure  9  shows  contours  of  constant 
Pc  calculated  from  the  radar  equation.  The  value  of  Ac  was  determined  by  ray  tracing.  In  this  case,  to  be 
-0.50. 

5.2  Doppler  Shift 

The  motion  of  auroral  scatterers  Imparts  a  Doppler  Shift  to  the  backscattered  radar  signal.  In  the 
F-reglon  this  Doppler  shift  Is  principally  due  to  the  plasma  motion  driven  by  maonetospherlc  electric  fields. 
Figure  10  shows,  in  quelltetlve  fashion,  the  F-reglon  plasma  convection  pattern  over  the  polar  region.  Shown 
dashed  Is  the  equatorial  boundary  of  the  statistical  auroral  oval.  Elkins  (1979)  has  developed  e  quantitative 
model  for  the  plasma  velocities,  based  on  theoretical  consideration  together  with  date  'rom  satellite  end 
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auroral  radar  experiments.  Using  this  model,  the  Doppler  shift  experienced  by  the  hypothetical  radar  a* 
local  midnight,  at  a  frequency  of  10  MHz,  has  been  computed  and  is  illustrated  in  Figure  11.  A  positive 
Doppler  shift  (by  convention)  indicates  a  receding  velocity.  The  equatorial  edge  of  the  auroral  oval  is 
again  shown  as  a  dashed  line. 


6.  Travelling  Ionospheric  Disturbance 

A  particular  snvjll-to-medium  scale  ionospheric  feature  which  is  very  torsnon,  and  which  can  be  modelled 
for  simulation  purposes  is  the  "travelling  ionospheric  disturbance"  (TID)  Francis  (1974)  has  developed 
a  technique  fo-  accurately  modelling  the  effects  of  TIDs  on  radio  system.'.,  Figure  12  shows  a  vertical  cross 
section  through  a  horizontally  stratified  Chapman  layer  with  a  superimpc,ed  TID.  The  dashed  lines  are  loci 
of  constant  phase  of  the  internal  gravity  wave  in  the  neutral  atmosphere,  which  provides  the  driving  force 
for  the  TID.  Francis'  technique  has  been  modified  at  RADC  to  permit  the  TID  perturbation  to  be  applied  to 
arbitrary  ionospheric  models,  in  particular,  to  numerically  specified  models. 

In  order  to  illustrate  the  practical  application  of  TID  modelling  an  experiment  has  been  simulated  in 
which  an  OTH  radar  is  required  to  operate  in  such  a  way  that  a  distant  transponder  is  maintained  in  the  skip 
focussing  region  while  a  TID  crosses  the  propagation  path  orthogonally.  Figure  13  shows  tne  geometry  of  the 
experiment,  together  with  contours  of  f<)F2  modelled  for  the  ambient  ionosphere  by  the  ITS  technique.  A 
three  dimensicnal  ionospheric  mode!  was  constructed  in  the  region  of  interest  using  the  HAD C  technique 
(Rush  et  al,  1974).  This  3-dimensional  ambient  model  was.  then  perturbed  according  to  the  formulation  of 
Francis,  by  a  TID  having  a  period  of  40  minutes,  horizontal  phase  velocity  of  200  meter/sec,  and  vertical 
velocity  of  50  meter/sec.  The  horizontal  wavelength  of  this  TID  was  thus  480  km. 

The  leading  edges  of  backscatter  ionograms  were  synthesized  in  the  direction  of  the  transponder  by  means 
of  3-dimensicnal  ray  tracing  in  the  perturbed  model.  Figure  14  shows  examples  of  backscatter  leading  edges 
for  the  ambient  ionosphere  and  for  two  values  of  TID  phase,  separatee  by  a  half  period  (20  minutes).  The 
points  labelled  along  these  curves  represent  take-off  elevation  angles  at  the  radar.  The  frequency  required 

to  maintain  the  transponder  at.  the  first  hop  skip  range  was  determined  by  trial  and  error  using  3-dimensional 

ray  tracing  with  a  homing  feature,  using  the  backscatter  leading  edjes  as  a  first  guess.  Figure  Is  shows 

this  frequency  as  a  function  of  time  (TID  phase).  Figure  16  and  17  show  the  corresponding  variations  of 
take-off  elevation  ar.d  azimuth  at  the  radar. 


7.  Ducted  Ionospheric  Propagation 

HF  energy  from  ground-based  sources  can  be  trapped  in  ionospheric  ducts  and  propagate  to  lar._,e  ranges, 
provide  suitable  conditions  exist  in  the  ionosphere  in  the  vicinity  of  the  transmitter.  Figure  3  shows 
en  example  of  a  ray  injected  into  a  duct  as  a  result  of  natural  ionospheric  gradients  near  the  transmitter. 
Energy  induced  plasma  irregularities  generated  by  a  high-power  ground-based  "heater".  Radio  waves  are 
scattered  fror-  the  magnetic  field  aligned  irregularities  with  the  result  that  the  heated  region  acts  like 
a  "radio  mirror"  or  virtual  source,  which  can  be  placed  in  the  ionospheric  duct  by  suitable  choice  of 
heater  frequency.  Figure  18  shows  a  vertical  ionospheric  profile  containing  a  "valley"  between  E  and  F 

F_1ay®r  varies  with  range  from  an  elevated  virtual  source  as 


— - -  •-■'a4*  "ww  an  c'oqccu  virtual  buurtc  a  b 

indicated  in  Figure  19,  while  the  E-layer  and  valley  plasma  frequencies  remain  constant.  Figure  20  shows 
°*  ray  S™1"®,1"  th1s  ionosPher*c  roodel  with  the  source  at  160  km  altitude  (l.e.,  in  the 
ley).  Roys  are  directed  horizontally  at  2  rtlz  intervals  in  the  frequency  range  12  MHz  -  34  KHz  All 

nlar  ~ }V dUCt  °Ut  t0  ranseS  in  6XC6SS  of  9000  «"*  •***  the  34  Wz  raj,  which  escajes 


8.  Sunn,  try 

i°"osPh*r*J  modelling  and  numerical  ray  tracing,  over  the  past  few  years  have  been  mainly 
directed  towards  -he  solution  of  specific  applied  problems  in  HF  propagation.  Ionospheric  models  have 
achieved  greater  versatility  in  computational  terms  and  earlier  models  have  been  modified  to  better 

P°1ar  1or,°sPhsrjc  Matures.  The  calculation  of  radio  absorption  has  been  improved  and  deviative 
beer^iven  accurately.  Numerical  ray  tracing  technigues  developed  in  the  196Cs  have 

E^amnl9«  hJo  1y  exPa"d^,ve™t]llty,  permitting  their  application  to  a  wide  range  of  problems. 

e  Presented  illustrating  some  recent  applications  of  current  HF  propagation  simulation 
effect 9of estlMt1on  oF  HF  auroral  clutter  impact  on  an  experimental  OTH  radar, the 
in  the  SnJSeHc^S  1on°9rams  and  the  computation  of  ionospheric  ducting,  using  a  "virtual  source* 
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FIGURE  1(a):  Hodel  for  F0F2  over  the  polar  region  for  January  at  Sunspot  Nusiber  ICO,  Ks  *  2,  in  corrected 
Geomagnetic  Co-ordinates. 


FIGURE  !{!>}:  Empirical  correction  ten?  aoplled  to  ITS-78  ionospheric  model  to  produce  the  polar  model  of 
f0F2  Ip  Figure  1(a). 


FIGURE  Z-. 


Polar  view  of  Northern  hemisphere  shoeing  selected  propagation  path. 


FIGURE  4:  Example  of  a  vertical  profile  generated  by  program  FIMP,  consisting  of  quasi -parabolic  layer 

segments  linked  by  analytic  matching  segments.  The  quantities  indicated  are  the  heights  and 
plasma  frequencies  at  key  points  on  the  profile  (Hj  and  Fj )  and  layer  Semi-thickness  (Yp  YE) 


FIGURE  5:  Median  volinetric  backscatter  cross  section  of  E-region  auroral  irregularities  in  CGS.  Key 

to  contours  (at  10  Wz  frequency}:  I  »  -102;  3  -  -94;  S  «  -89:  7  »  -84.  Units  ar»  rfB  1h?/m3 
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FIGURE  6:  Medlar*  volumetric  backscatter  cross  section  of  F-region  auroral  irregularities  In  CGS.  Key 

to  contours  (at  10  MHz  frequency):  1  «  -95;  3  *  -85;  5  ■  -77;  7  *  -71;  9  •  -61.  Units  are 
dB  (m*/M3). 


GEOMAGNETIC  FIELD 


SCATTER  VOLUME  AND  EFFECTIVE  VERTICAL  ANCLE 


FIGURE  7:  Illustrating  scatter  volume  (Vs)  In  presence  of  strong  ^fraction  and  geomagnetic  f4eld. 

Azimuthal  antenna  beamldth  Is  f. 
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AZIMUTH 


RFSIOKS  OF  MAGNETIC  ORTHOGOALITY  AT  MIDNIGHT;  tIAN  ;  SSN  100 

FIGURE  8:  Regions  of  F-region  geomagnetic  orthogonality  (shaded)  at  6  WU  for  local  midnight  In 

January  at  Sunspot  Number  100.  Radar  located  at  600  geomagnetic  latitude. 


MEDIAN  F*  REGION  CLUTTER  POWER  (<tGW)  FOR  EXPERIMENTAL  RADAR 


FIGURE  9:  Contours  of  median  received  F-reglor  clutter  power  (dBW)  fc '  experimenta’  radar.  Dashed 

lines  are  boundaries  of  regions  of  orthogonality  shown  in  Figure  8. 


F-RCSION  PLASMA  VELOCITY  IN  CORRECTED  SEOMASNETIC  COORDINATES 


Illustrating  average  F-reglon  plasma  velocity  In  CGS.  Dashed  line  represents  the  equatorial 
boundary  of  the  auroral  oval . 


AZIMUTH 


some*  SHIFT  OF  F-HMIOH  CLUTTtR  AT  10  MHt  {00  LT) 


LATITUDE  (DEO 


GROUND  RANGE 


FIGURE  12:  Contours  of  electron  density,  normalized  to  the  maximum,  for  a  Chapman  layer  perturbed  by  a 

TID  (after  Francis,  private  coawunlcatlon) .  Dashed  lines  represent  phase  fronts. 


FIGURE  13:  Experiment  geometry  showing  OTH  radar  Illuminating  distant  transponder  while  a  TID  crosses 

the  propagation  path  at  right  angles.  Cortours  of  f0F;  for  the  ambient  Ionosphere  are  shown 


FIGURE  14:  Simulated  leading  edges  of  backscatter  lonogranis  in  the  ambient  ionosphere  and  at  two  extreme 

phases  of  the  TID.  The  small  numbers  represent  take-off  angles  at  the  radar. 
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FIGURE  15: 


Variation  with  TID  phase  of  the  frequency  required  to  maintain  the  transponder  at  the  first 
hop  skip  rar.-e  (for  the  ambient  ionosphere,  this  frequency  Is  25.49  Wil. 
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FI SURE  16: 


R«JK  17: 


«0&S</wJCtSV,iKtf 


IRE  20:  Rays  traced  froffl  an  elevated  source,  with  Initially  horizontal  direction.  In  the  ionosphere 

shown  In  Figures  18  and  19.  Frequency  varies  from  12  ttiz  to  34  MHz  In  2  MHz  Increments. 


DISCUSSION 


CS.  Go*’'dwd,  Fr 

La  “crosMectkm"  que  vous  avcz  calculi  a-t-elle  eti  donnfe  pour  une  detection  particular?  du  rayon  par  rapport 
au  champs  rnagndtiquc  terrestre  ou  bkn  consid<rez-vous  qu’elle  est,  en  HF,  isotrapic? 

La  frequence  dopplcr  que  vous  aver  calculie  et  qui  correspond  ?.  des  vitesses  de  2000km/H  corrsepond-elle  i  une 
orientation  norm  ale  du  rayon  de  i’onde  par  rapport  au  champs  magnitique  ou  de  la  vitesse  du  plasma? 

Author’s  Reply 

The  cross-sec  lion  is  highly  anisotropic  (6-10dB/degrees  off-perpendicularily)  and  this  anisotropy  can  be  taken  into 
account  in  a  more  sophisticated  computation  of  scatter  volume.  In  the  simplified  treatment  considered  here,  the 
cross  section  shown  should  be  considered  as  an  average  value  over  n  ±  degree  off-perpendicularily. 

The  Doppler  model  was  developed  from  satellite  measurements  of  plasma  velocity  auroral  radar  Dopplcr 
measurement!  and  a  theoretical  analysis  (by  Maeda)  of  plasma  velocity  driven  by  magnetospheric  electric  fields. 
The  velocities  deduced  are  assumed  to  be  normal  to  the  geomagnetic  field  direction,  Because  of  the  highly 
anisotropic  nature  of  auroral  backscatter,  it  is  assumed  that  velocities  along  the  geomagnetic  field  direction 
(far  example,  associated  with  field-aligned  currents)  will  not  be  observed  by  s  HF  radar. 
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SUMMARY  OF  SESSION  IV 
PROPAGATION  THROUGH  IRREGULARITIES 


The  propagation  through  irregularities  session  encompassed  papers  which  observed  a  gamut  of  irregularity  sizes  at 
various  locations  ever  the  globe.  Large  and  small  scale  irregularities  w ere  studied.  Equatorial  and  middle  latitude 
observations  have  been  reported  on.  One  paper  d;soribed  the  effects  of  artificially  created  irregularities. 

There  is  an  increased  interest  in  equatorial  irregularities,  particularly  the  F  layer  nighttime  large  scale  bubbles.  A 
new  theoretical  study  of  this  subject  by  Heron  is  included  in  this  volume  but  was  not  given.  Rottger  gave  new  evidence 
for  the  generation  of  the  nighttime  bubbles  by  penetrative  cumulus  convection;  Lange-Hsss  described  the  airglow 
observations  at  the  end  of  the  equatorial  patches. 

E  layer  observations  at  the  magnetic  equator  wore  outlined  by  Rottger  who  recorded  backscatter  observations  from 
the  equatorial  electrojet.  Merkel  and  Rubio  compared  sporadic  E  communication  reception  over  the  globe  with  l 
prediction  method  developed  from  the  vast  accumulation  of  ionosounder  data. 

The  propagation  effects  of  artificially  produced  irregularities  (by  heating)  were  described  by  Sales  and  Elkins  ai  the 
conference.  Long  range  HF  ducted  paths  yielded  both  predicted  and  as  yet  unexplained  results. 

The  recently  developed  use  of  aperture  synthesis,  phased  arrays  and  other  methods  of  integrating  individual  signals 
received  along  a  series  of  antennas  has  lead  to  the  measurement  of  phase  coherence  (or  lack  thereof)  along  an  aperture. 
At  HF  Jones  and  Thomas  showed  there  were  periods  when  phase  coherence  v/as  not  achieved  across  a  series  of  antennas; 
at  times  this  was  due  to  multi-mode  propagation  but  there  were  occasions  when  only  a  single  mode  was  present. 

We  now  understand  the  physics  of  irregularity  generation  and  decay  to  a  greater  extent  than  1 0  years  ago. 
Description  of  the  morphology  of  these  regions  is  proceeding  rapidly.  Both  the  utility  of  the  information  and  the 
discovery  of  the  physics  of  equatorial  irregularity  bubbles  has  brought  a  new  excitement  to  the  field  of  ionospheric 
physics. 
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SUMMARY 

Recent  results  from  the  Jicanarca  radar  facility  and  satellite-oome  plasms,  density  probes  have  provided 
the  general  characteristics  of  rising  depletions  in  the  evening  ionospheric  plasma  over  the  equator.  The 
depletions  are  not  spherical  bubbles  but  extend  along  the  magnetic  field  linee  so  that  their  feet  are 
always  in  the  lower  F  region.  The  bubbles  are  driven  by  E  x  B  fields.  Generally  they  move  with  the 
background  ionosphere  horizontally  towards  the  east  at  about  125  ms'l,  but  often  they  have  a  vertical 
component  as  well. 

A  propagation  model  nas  been  developed,  which  uses  the  observed  characteristics  of  the  bubbles  to  predict 
radio  wave  guiding  along  the  depleted  tubes.  The  numerical  mode]  i.i  set  up  to  calculate  power,  Doppler 
shift,  elevation  and  azimuth  at  the  receiver  of  a  transequatorial  transmitter-receiver  pair  of  stations . 
Individual  bubbles  cause  a  burst  of  power  on  the  link  which  is  initially  a  few  hertz  positively  Doppler 
shifted  and  then  moves  into  a  negative  shift  with  mar  arum  power  at  around  -10  to  -20  Hz  depending  on 
radio  frequency  and  bubble  geometry.  After  that  the  ptver  drops  off  and  the  frequency  goes  rapidly  to 
negative  values  beyond  -100  Hz. 

Ths  successful  evaluation  of  the  numerical  model  in  terms  of  a  few  observations  of  transequatorial 
propagation  events  leads  to  the  suggestion  of  an  experiment  which  may  elucidate  some  of  the  properties  cf 
equatorial  plasma  bubbles. 

1.  INTRODUCTION 

The  two  main  categories  of  transequatorial  radio  propagation  have  been  labelled  "afternoon"  and  evening" 
types.  The  afternoon  transequatorial  propagation  occurs  principally  because  of  refraction  at  electron 
density  gradients  in  the  equatorial  ionosphere.  Gibson-Wilde  (1969),  for  example,  haB  shown  that  the  high 
density  equatorial  anomaly  regions,  which  straddle  the  equator  during  the  day,  have  sufficiently  large 
gradients  to  cause  transequatorial  propagation  by  a  double  ( chordal )  ref] ection  off  the  bottoaside  of  the 
F-layer.  There  appears  to  be  a  general  consensus  (Nielson,  1966a)  that  this  mechanism  works  in  the 
afternoon  when  the  equatorial  ionosphere  is  well  developed,  and  for  radio  waves  with  frequencies  up  to 
about  60  JEz. 

The  second  category  of  transequatorial  propagation  occurs  in  the  evenings  and  includes  frequencies  in 
the  VEF  range,  extending  at  least  to  the  2  metre  amateur  band  (Reiaert  and  Pfeffer,  1978).  At  these  times 
and  frequencies  the  bottoaside  reflection  mechanism  cannot  work  and  scce  other  explanation  is  required  for 
the  Strong  and  frequent  openings  of  transequatorial  propagation.  Previous  theoretical  approaches  to  the 
problem  of  finding  a  mechanism  which  will  adequately  explain  the  evening  type  of  tranrequatoria.l  prop¬ 
agation  have  included  forward  scattering  from  a  volume  of  irregularities  (Kuriki  et  el,  1972)  aid 
ducting  between  spread-F  irregularities  in  a  field  aligned  multi-scatter  mode  (Nielson.  1968a,  1969). 

These  scatter  modes  encounter  scoe  difficulties  in  the  explanation  of  off -great  circle  propagation  and 
propagation  between  stations  which  ere  magnetically  asymmetric.  (Nielson  and  Crochet,  1974), 

Experimental  observations  which  require  special  attention  Eire  the  Doppler  shifts  and  the  durations  of  VHF 
transequatorial  openings.  A  series  of  spectra  taken  at  20  minute  intervals  at  54,72  and  90  MHz  on  the 
Oahu-Raratonga  path  by  Nielson  (1968b)  showed  that  the  incoming  energy  was  Doppler  shifted  slightly 
positively  at  first  and  then  increasingly  negatively  until  the  conclusion  of  the  event  after  about  an 
hour.  Event  durations  of  ths  order  of  an  how  have  also  been  observed  on  the  2m  band.  These  results 
suggest  a  moving  duct  or  scattering  patch  of  irregularities  in  t>-e  F  region. 

This  paper  sbow3  how  the  Doppler  shift  history,  the  off -great  circle  propagation  and  the  approximately 
one  hour  event  duration  are  consistent  with  transequatorial  prop^g-'* ’..n  along  equatorial  plasma  bubbles. 


2. 


EQUATORIAL  PLA3IA  BUBBLE  OBSERVATIONS 


Plasma  bubbles  in  the  equatorial  ionosphere  hrve  beer,  reported  and  widely  discussed  in  the  literature 
since  the  appearance  of  rising  plume- like  structures  on  the  Jlcamarsa  50  1 Hz  radar  :-ecords  (Voodnan  and 
La  Bos,  1976).  The  radar  records  are  derived  free  radio  waves  reflected  off  small  scale  structure 
of  the  scale  size  of  3  metres.  A  sketch  of  one  such  record  is  reproduced  in  figure  1  where  the 
ordinate  axis  represents  altitude.  The  graphic  display  is  based  on  an  abscissa  seels  which  assumes  that 
the  background  ionosphere  is  drifting  eastwards  at  125  ms*1;  a  time  period  of  one  hour  is  equivalent  to  a 
distance  of  450  km  if  the  drift  speed  is  125  bs-^.  The  plume  structures  are  therefore  drifting  at  a 
velocity  near  to  125  ms*^  and  they  rise  to  higher  altitudes  as  time  progresses.  Ihe  apparent  tilting  of 
the  structures  may  be  due  to  an  off-vertical  ascent  of  the  bubbles  in  the  reference  frame  of  the 
drifting  background  plasma,  or  to  variations  with  height  of  the  background  plasma  drift  velocity. 
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Observations  made  on  the  Aims  spheric  Explorer  Satellite..  AE-T,  flying  in  a  near  equatorial  rrbit  sh-'w 
deep  depressions  in  plasma  density  (McClure  et  al.  1977).  Those  results  show  a  wide  range  of  bubb'es  In 
the  equatorial  plasms,  typically  100  m  in  width  and  having  one  or  two  orders  of  magnitude  less  ionnat.Ion 
density  than  the  background  plasma.  The  bubble  regions  had  steep  plasma  density  gradient*  in  the  wails, of 
the  order  of  10*5  and  localised  gradients  of  10°  m-4  associated  with  fine  structure  of  scale  sites 
down  to  less  than  half  a  kilometre.  Indeed  the  fine  structure  must  persist  down  to  scale  sises  of  -3 
entree  to  give  the  strong  radar  returns  on  5C  HKz  at  Jicamarca. 

In  the  F  region,  the  diffusion  tine  constant  for  a  local  plasma  density  perturbation  to  spread  along  a 
magnetic  field  l'r.e  is  less  thAn  one  second.  We  would  aspect,  therefore,  that  ary  bubbles  seen  in  the 
equatorial  plane  would  extend  to  occupy  the  complete  magnetic  field  tube  at  least  to  the  bottom  of  the 
F  layer.  Observations  on  the  thiee  dimensional  aspect  of  the  bubbles  were  .made  by  Dyson  and  Benson  (1978) 
using  topside  sounder  data  taken  whilst  the  spacecraft  was  flying  inaide  a  bubble  region.  The  echoes 
received  were  consistent  with  tubular  field  aligned  regions  of  plasm  density  depiction.  More  direct 
observations  cf  the  field  alignment  of  the  bubbles  were  described  by  Heron  and  Dorllng  (1979)  In  terms  of 
a  plasma  density  probe  on  the  ESRO-i  satellite  flying  in  a  low  altitude  polar  orbit.  At  times,  this 
spacecraft  flew  through  depleted  regions  symmetrically  placed  about  the  dtp  equator  and  in  the  magnetic 
Mtrldian.  Observations  of  intertropical  dark  bands  in  630  ran  airglow  emission  by  Weber  et  al  (1973)  also 
confirms  the  extension  cf  the  disturbed  regions  out  of  the  equatorial  plane. 

3.  EQUATORIAL  PLASMA  BUBBLE  THEORY 


The  development  of  perturbations  in  the  horizontal  plasms  density  contours  into  rising  bubbles  of  depleted 
density,  depends  upon  zonal  winds  and  high  plasms  density  gradients.  simplified  view  of  the  growth 
mechanism  is  given  in  figure  2  where  a  perturbation  in  ihe  he of  a  pis ana  density  contour  is  shown  on 


the  underside  cf  the  F  layer  where  the  vertical  grad'ent 
m,  in  the  neutral  medium  is  more  strongly  coupled  to  -he  ' 
strongly  coupled  in  3  than  in  C.  This  coupling,  by  vi«w 
electric  fields  as  shown.  In  region  A,  whi  .h  is  an  eiuw. 
electric  field  and  the  earth1.;  magnetic  field  drive  the  c;. 
higher  loss  regime.  This  contrasts  with  the  less  dense  plRs«sa 
S  >  B  force,  into  a  stable  growth  sivtation. 


a  density  is  high.  A  horizontal  wind, 
.egion  A  than  in  region  C,  and  is  less 
g,  results  in  local  polarisation 
2e.ii.lty  region,  the  polarisation 
..sity  perturbation  downwards  into  a 
..  l-.cality  B  which  is  driven  upwards  by  an 


These  concepts  were  developed  by  Ossakow  and  Cnaturvedi  (1977)  who  used  typical  densities  and  conduct  ities 
over  the  equator,  and  assumed  on  initial  Rayleigh-Tcylor  gravitational  instability.  The  calculations  gave 
vertical  velocities  which  increased  to  several  hundred  metres  per  second  at  several  scale  heights  above 
the  F  layer.  Anderson  and  Haerer.del  (1979)  have  calculated  the  vertical  rise  of  bubbles  in  terrs  of  the 
electron  content  gradients  and  conductivities  integrated  along  the  field  lines.  Under  this  scheme  the 
maximum  vertical  gradient  in  tube  content  is  normally  rear  or  above  the  local  F  lays-  peak  at  the  equator 
and  suggests  that  bubbles  may  first  appear  higher  up  at  about  500  tai. 


These  theoretical  approaches  do  not  address  the  problem  of  what  happens  to  the  bubbles  well  above  the  F 
layer  peak,  at  say  10,009  km,  nor  do  they  explain  the  observation  or  IteClure  et  al.  (1977)  that  there  are 
many  non-rising  bubbles  at  a  wide  range  of  heights  in  tiie  F  layer.  The  calculations  which  follow  ir.  this 
paper,  for  a  waveguide  mode  of  transequatoriai  propagation  through  plasma  bubbles,  discreetly  cover  both 
the  non-rising  and  the  exponentially  rising  cases  and  an  experiment  is  described  which  will  discriminate 
between  them , 


4.  .,'UMERICAL  MTOELLINC  OF  EQUATORIAL  PLASMA.  BUEELES. 

"he  objective  of  this  project  was  to  construct  a  numerical  rcdel  of  a  plasma  bubble  which  would  comply 
with  the  observed  or  theoretically  predicted  characteristics  of  ionospheric  phenomena,  and  to  investigate 
the  ensuing  transequstoriai  propagation.  The  basic  model  is  a  field  aligned  tube  with  low  plasma  density 
and  with  its  height  in  the  equatorial  plane  being  governed  by  g  vertical  velocity  v  cf  the  form 

vv  =  vc  exP  (fh  -  ho)/K)  U) 

where  v  is  the  initial  vertical  velocity  at  height  h  w. "  ii  is  the  scale  height  for  visa  vertical  velocity. 
In  the  numerical  medal,  vn  could  be  varied  but  H  was  set  to  an  arbitrary  value  of  74  km  which  arose  in  the 
calculations  of  Anderson  and  Haerendel  (1979).  A  bc’-lzontal  eastwards  velocity  component  v,.  was  applied  to 
the  bubble.  The  bubble  res  given  a  diameter  of  100  km  and  it  was  assumed  to  cease  at  an  altitude  of  250  km 
where  the  F  layer  ionisation  gives  way  to  essentially  ne-.rtral  gas  at  lower  altitudes  at  night. 

The  bubble  was  initiated  with  given  v  and  h  values  and  subsequently  developed  by  allowing  it  to  move 
eastwards  ana  upwards.  Figure  3  shows  this  Height  development  for  bubbles  initiated  at  350  tea  and  with  a 
series  of  vQ  values.  Figure  4  shows  the  latitudes  and  longitudes  cf  the  !feet'  of  the  same  bubbles  at 
the  250  tec  altitude  level  where  the  open  end  of  the  waveguide  would  appear  to  a  ground-based  observer. 

As  the  altitude  of  the  bubble  increases  in  the  equatorial  plane  the  feet  move  out  to  high  latitudes.  The 
exponentially  increasing  vertical  velocity  generates  an  exponentially  increasing  height  and  this  model 
predicts  that  the  feet  of  the  bubble  pass  very  quickly  through  the  mid-latitudes. 

5.  EQUATORIAL  PLASMA  BUBBLES  AS  WAVEGUIDES- 

vihen  the  plasma  density  inside  the  bubble  is  less  than  that  outside,  there  is  a  tendency  for  a  radio  wave 
propagating  inside  the  bubble  to  reflect  off  the  wails  and  remain  trapped  inside  the  bubble.  In  fact  the 
condition  for  total  internal  reflection  can  be  invoked  as  s  criterion  for  deciding  which  rays  are  trapped 
and  which  sre  refracted  outwards  away  from  the  waveguide  as  shown  in  figure  5.  If  the  critical  angle  is 
8^  er,d  are  refractive  indices  outside  and  inside  the  wave  guide  respectively  then 

cos  8,  -  Rp/uj  • 


(2) 
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The  refractive  Indices  arc  frequc.-.cy  dependent  according  to  the  relation 

w2  *  1  -  i'N/f2  (3) 

where  N  is  the  electron  density  and  k  is  a  constant,  value  of  80.5  in  MhS  units.  In  the  aodel  the  value  for 
6  is  taker,  as  the  minimum  value  occurring  along  the  waveguide,  which  in  practice  is  the  value  at  the 
apex  of  the  magnetic  field  line,  rhe  angle  6  then  defines  a  cone  of  acceptance  such  that  rays  encounter¬ 
ing  the  bubb'  end-face  with  9  <  8  will  be  tfanenitted  to  the  magnetically  conjugate  sons,  chile  rays 
with  8  »  8C  will  be  lost  free  the  Saveguide. 

In  reality  this  sharp  criterion  for  acceptance  of  rays  may  not  precisely  describe  transequatoriai 
propagation  characteristics  because  of  high  plats*  density  gradients  at  field-aligned  needle-like  fine- 
struct  ire  irregularities  within  the  bubble  system  which  may  in  general  prevent  rays  with  0  >  8  from 
escapii.g.  Offsetting  this  is  the  possibility  of  energy  loss  through  the  bottom  wall  of  the  bubble 
if  the  depleted  cone  continues  to  low  altitudes  as  the  dark  bands  in  the  630  nm  airglow  would  suggest 
(Weber  et  al..  1978). 

The  cone  of  acceptance  has  an  angle  8,  which  is  frequency  dependent.  For  higher  frequencies  the  angle  ia 
less,  and  for  n  conjugate  pair  of  stations,  the  duration  of  a  transequatoriai  ccccunieaticn  link  is  predicted 
to  be  shorter. 

Once  the  decision  is  made  that  a  ray  free  a  particular  transmitter  can  propagate  to  a  given  receiver  then  the 
power  calculation  ia  made  on  the  basis  of  the  size  of  the  colid  angles  subtended  by  the  waveguide  end- 
faces  at  the  stations.  The  Doppler  shift  is  calculated  from  the  phase  path  length  between  the  transmitter 
and  the  receiver  via  the  axis  of  the  bubble  at  two  times  spr.^ca  10  seconds  apart. 

For  the  bubbles  described  in  figure  3  and  figure  4  th*  observable  quantities  of  the  transequatoriai 
propagation  between  two  conjugate  stations  were  calculated.  These  observables  are  power  (on  a  relative 
scale,  not  absolute),  Doppler  shift,  elevation  angle  and  azimuth  of  Incoming  rays  at  the  receiver.  They 
are  all  calculated  as  a  function  of  the  longitude  of  the  bubble  which  is  directly  related  to  tine  by  the 
horizontal  eastwards  drift  velocity  assumed  in  the  model .  Tor  this  calculation  the  longitudes  of  the 
stations  have  to  be  set  relative  to  the  initial  longitude  of  the  bubble,  and  for  convenience  and 
generality  we  designate  the  receiver  and.transmitter  to  have  zero  longitude.  In  these  calculation  the 
stations  are  symmetrically  placed  at  ±2Q°  latitude  and  all  coordinates  are  on  the  magnetic  frames  of 
reference.  The  location  of  the  stations  is  chosen  to  illustrate  the  relaticasnip  between  plasma  bubbles 
and  transequatoriai  propagation,  but  the  computer  code  is  general  and  the  calculations  can  be  made  for  any 
pair  of  stations. 

o.  RESULTS 

As  a  bubble  drifts  across  the  longitude  sector  of  the  radio  stations,  tne  transequatoriai  propagation  path 
nay  open  for  a  certain  period  which  depends  upon  the  geometric  eonf igura ' i  n  of  the  bubble  and  the 
stations,  and  on  the  frequency  of  the  radio  wave.  This  is  shown  in  figure  6  wive re  the  solid  line  refers 
to  50  Mlz  and  the  broken  line  refers  to  100  Iflz.  The  power  axis  ir.  db  has  an  arbitrary  reference  level. 

The  asymmetrical  signal  enhancements  for  the  bubbles  with  initial  vertical  velocity  v  *  26  ms_i  (In 
equation  1)  arise  because  the  end-faces  of  the  bubble  sweep  past  quite  close  to  the  transmitter  and 
receiver  stations.  This  effect  can  be  seen  on  figure  4.  At  the  higher  frequency  the  duration  of  the 
transequatoriai  propagation  opening  is  reduced  because  the  cone  of  acceptance  for  rays  entering  the 
waveguide  i3  reduced.  The  fact  that  identical  power  levels  are  readied  near  the  centre  of  the  opening 
indicates  that  for  a  time,  even  at  100  KHz,  all  the  rays  in  the  solid  angle  which  the  bubble  end-face 
subtended  to  the  stations  were  acceptable  on  the  0  <  oc  criterion. 

'Die  angle  of  arrival  of  the  ray  which  cooes  from  the  centre  of  the  end-face  of  the  bubble  to  the  receiver 
is  show;  in  figures  7  and  8.  The  azimuth  (figure  7)  reflects  mainly  the  progression  of  the  bubble  in 
longitude  while  the  elevation  (figure  S)relates  primarily  to  the  changing  height  of  the  bubble  at  its  apex 
in  the  equatorial  plane. 

The  Doppler  shifts  are  shown  in  figure  9.  Initially  when  the  transequatoriai  propagation  link  opens  »s 
the  b'hble  approaches  fro®  the  west,  the  Doppler  shift  is  slightly  positive.  For  rising  bubbles  the 
shift  becomes  increasingly  negative  as  the  bubble  moves  pest  the  stations.  Eventually,  as  the  power  on  the 
link  diminishes  the  Doppler  shift  reaches  values  around  -TO  to  -40Hs  at  f  *  5CI2Hz.  The  Doppler  shifts  are 
proportional  to  f,  the  radio  wave  frequency,  in  this  model. 

7.  .'ISOUoSION 

A  direct  consequence  of  transequatoriai  propagation  via  the  niassrn  bubble  mode  is  the  discrete  nature  of 
circuit  openings.  As  the  bubbles  drift  across  the  appropriate  longitude  sector  the  cccsunicatien  link  is 
predicted  to  open  for  a  period  ranging  from  a  few  minutes  up  to  the  order  of  an  hour  depending  on 
geometry  and  radio  frequency.  Uost  transequatoriai  propagation  summaries  appear  in  the  fora  of  occurrence 
statistics,  latitude  dependence  and  frequency  dependence  and  Heron  and  McNamara  (1979)  have  evaluated 
these  statistical  characteristics  using  the  numerical  model  for  transequatoriai  propagation  via  plasma 
bubbles. 

Some  experimental  data  can  however  be  examined  on  the  basis  of  discrete  openings.  The  high  frequency 
records  of  Xuriki  et  al.  (1972)  show  event  structure  of  this  order  of  duration,  though  at  lower  frequencies 
(whtre  event  durations  are  predicted  to  be  longer)  they  are  not  always  separable.  Successive  plasma  bubbles, 
ai  show  by  the  series  of  plumes  on  the  Jieamarea  radar  record  by  Woodean  and  La  Bos  in  their  figure  3e, 
are  spaced  less  than  half  an  hour  apart  and  particularly  at  the  lower  end  of  the  VHF  band  the  cases  of 


acceptance  are  likely  to  overlap.  Reocrda  of  S-meter  levels  on  a  2-aetre  link  between  Rhodesia  and 
Greece  show  openings  lasting  typically  40  minutes  to  1  hour  (RSttger,  private  communication  based  on 
logs  by  ZE2JY  and  SWAB). 

The  results  of  Kielson  (1963b)  ehow  the  discrete  nature  of  VKf  transequatorial  propagation  events  by 
higltlighting  the  development  of  the  Doppler  shift  during  circuit  openings.  The  Doppler  shifts  on  four 
frequencies  are  sheen  in  his  figure  2  for  the  Oahu-Rare  tonga  path.  The  series  at  2200  to  2.500  on  25  March 
1963  shoe  quite  clearly  the  development  of  the  Doppler  shift  with  tine.  The  values  for  90  Mis  were 
scaled  off  and  are  shown  In  figure  10.  The  trend  from  a  slightly  positive  initial  frequency  shift  to  a 
highly  negative  shift  follows  the  general  pattern  which  is  calculated  for  a  rising  bubble  In  figure  9 
(v  *  26  as-*).  However  the  -apid  change  in  the  first  twenty  minutes  weuld,  in  terms  of  the  present  model, 
indicate  a  more  rapid  rise  of  the  bubbls  initially,  followed  by  a  slower  ascent  over  the  middle  of  the 
observation  period.  The  magnitude  of  the  Doppler  shifts  on  Nielsen's  records  are  approximately 
proportional  to  the  radio  frequency,  as  suggested  by  the  present  model. 

3.  CONCLUSION 

A  model  has  been  described  which  allows  the  calculation  of  certain  observable  parameters  of  trens equatorial 
propagation  based  on  the  assumption  that  the  energy  is  transmitted  through  equatorial  plasma  bubbles. 

The  calculations  here  are  for  a  particular  pair  of  stations  placed  symmetrically  20°  stray  from  the  magnetic 
equator,  but  this  geometry  is  not  a  restriction  of  the  computer  code.  The  parameters  calculated  are 
quantities  which  are  observable  at  the  receiving  station,  bein'*  elevation,  azimuth,  power  and  Doppler 
shift.  In  the  model  these  parameters  are  calculated  as  functions  of  the  longitude  of  the  bubble  whereas 
the  experimental  observations  would  be  made  as  functions  of  time. 

The  bubble  waveguide  approach  adequately  explains  relative  power  levels  and  Doppler  shift  observations 
available  in  the  literature.  Correlations  between  transequatorial  propagation  and  spread-F  can  be  under¬ 
stood  in  terms  of  the  plasm  bubble  mechanism  for  transequatorial  propagation.  The  existence  of  a  skip 
cone  right  at  the  equator  (Nielson,  1963b)  is  consistent  with  the  bubble  waveguide  concept.  While  the 
bubble  mechanism  adequately  allows  for  off-groat  circle  propagation  at  particular  times,  there  is  no 
obvious  preference  in  the  simple  model  for  either  side  of  the  great  circle  path  to  be  preferred  for 
magnetically  syasetric  stations. 

In  the  pest,  many  transequatorial  propagation  observations  have  been  reported  on  a  statistical  basis.  A 
separate  study  by  Heron  and  McNamara  (1979)  shows  that  the  model  for  transequatorial  propagation  via  plasma 
bubbles  gives  occurence  statistics  which,  in  general,  agree  with  these  observations  of  the  evening  type  of 
transequatorial  propagation .  To  tes.  the  results  outlined  in  this  paper  we  require  more  observations  of 
parameters  during  the  individual  transequatorial  propagation  openings.  The  few -such  observations 
available  not  only  support  the  bubble  waveguide  concept  but  also  indieete  that  the  data  redundancy  in  the 
four  basic  observable  parameters  at  a  receiving  station  may  be  used  to  give  accurate  and  continuous 
monitoring  of  the  properties  and  development  of  equatorial  plasma  bubbles. 
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Figure  .3.  Bubble  height,  ir.  the  equatorial  plane,  as  a  function  of  time  for  a 

ra;ig~  of  ^itial  vertical  velocity  values  V  .  The  horizontal  eastward 
velocity  is  constant  at  12f  as"1. 


i^gura  %  .1 lustration  of  the  SneU's  Law  critical  raj  and  ltd  d*reot  relationship 

to  the  cone  of  acceptance  at  the  ends  of  the  waveguide,  T*o  tranoequatcriai 
stations  can  establish  a  radio  linX  if  they  simultaneously  lie  iraide 
the  cones  of  acceptance  at  opposite  ends  of  the  guide. 
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Figure  6,  Relative  potter  at  the  receiver  for  the  bubbles  deploted  in  figure  3. 

The  solid  lines  are  for  a  radio  frequency  of  >0  !SHa  and  the  broken  lines 
are  for  100  Mia.  -'he  cones  of  acceptance  are  smaller  in  angle  for 
higher  frequencies. 
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Figure  9.  Appier  shifts  for  the  bubbles  desciibcd  in  figure  3  and  stations  at  ±20° 
latitude,  0°  longitude  (magnetic).  The  solid  lines  are  for  a  50  MHz 
radio  wave  the  broken  lines  are  for  100  MHz. 


N 

X 

-  0 


q:  -10 

UJ 

_l 

Q. 

O. 

o 

0  -20 


0  2240 

LOCAL  TIME 


Figure  10.  Observed  Doppler  shifts  fcr  a  cransequatorisl  propagation  event  on  the  path 
Oahu-Hara  ,onga  at  90  MHz  by  Nielson  (1968b).,  The  values  were  scaled 
from  the  published  graphs  and  are  to  be  compared  “ith  the  theoretical 
curves  in  figure  9. 
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Amplitude  and  phase  variations  of  a  A-)*Ht  r.ilto  signal  on  short  paths  (up  to  200  kji)  in  the  equatorial 
rone  are  evaluated  with  respect  to  the  influence  of  ior.iration  irtcgulari ties  in  the  E-region  and  F-region. 
Spectra  of  the  6-‘lHr  signal  observed  by  means  of  an  HF-CW-Dcppte:  system  operated  in  Petu  nro  investigated 
regarding  the  frequency  epread  and  the  freque-  «  shift  (RiPlTC'.ER  and  BECKER,  1977). 

The  frequency  spread  observed  du. ing  daylight  hours  is  caused  by  the  influence  of  Type  II  irregulari¬ 
ties  in  the  equatorial  electrojet  flowing  in  E-region  height.  The  signals  are  reflected  at  the  F-layer 
but  are  caused  to  scintillate  due  to  the  strong  ioniraiion  irregularities  in  the  passed  E-layer  (e.g. 

Figure  1).  It  is  evident  teat  the  frequency  spread,  as  expected  fer  Type  K  irregularities,  is  strongly 
correlated  to  the  variation  of  the  11-component  of  the  earth**  magnetic  field,  i.e.  the  strength  of  the 
eleotrojet.  The  spread  is  mote  pronounced  on  longer  paths  (e.g.  Jlf)  than  on  stiotter  on's  and  is  also 
dependent  on  the  path  direction  with  respect  to  the  earth’s  magnetic  field. 

The  frequency  spread  oF«e  ved  during  the  evening  hours  is  ciusvd  by  equatorial  spread-F  : {regularities. 
Figure  l  shc-ws  that  just  after  surset  the  F-layer  reflections  arc  split  into  dirtinet  layer*  which  neve 
with  different  velocities  This  phase  is  imnsediat' iv  t-llowed  bv  a  rapid  transition  into  strongly  spread 
echoes.  The  strong  phase  s  d  amplitude  variations  or  the  HF  signals  were  evaluated  by  RflTTGER  and  BECKFR 
(1977)  with  resoect  to  their  spectral  sp.ead  and  spectral  shift.  Toe  shift  can  either  be  caused  by 
travelling  ionospheric  disturb*  res  (HilTTCF.R,  1977)  and  in  this  case  mostly  is  periodical,  or  by  elec¬ 
trical  fields  in  the  F-layer.  the  latter  case  is  connected  with  variations  of  the  earth's  magnetic  field. 

The  described  signal  characteristics  of  amplitude  and  phase  variations  ran  cause  problems  and  limita¬ 
tions  in  radio  c-'  enini cation  as  v’ll  as  in  direction  finding  systems.  Their  g:ophysical  relevance  is 
given  by  the  coirelation  of  signal  charact  risiict  w.  h  variations  of  the  earth's  magnetic  field. 
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1  Frequency  scintillations  o!  Hr  signals  refl lilt'd  in  the  F- region. 

The  Doppler  frequent  y  is  n-eaMired  on  three  paths  in  the  area  near 
|*i  meaye/Peru,  The  «nn  illations  are  due  to  Type  11  l  rregulat  *  t  it  s 
in  the  equator  ill  elec* roiet  tl-region'#  which  is  passed  hv  the  HF 
signals.  The  frequency  fluctuations  .'t 1  are  therefore  strongly 
correlated  to  variations  of  *he  hoi i rental  component  'P  of  the 
earth’s  magnetic  field. 
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poppltr  frequency  variations  oh>eived  or  three  short  radio  oaths 
(lif-40  lari  during  toe  onset  of  cqm.tori  il  sprosd-F,  After  splitting 
into  t vo  layers  which  move  uovard  with  different  velocities  (e.g. 
MAT',  the  F-iegion  transits  into  a  regime  of  ionization  »rvg«lA* 
rities  shown  by  the  scatter  d  Popple'  traces  and  by  satellite 
traces  on  the  ionogratns  after  1Q10  *T., 


DISCUSSION 
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G.H.  Miliman,  US 

With  reference  to  slide  No.  h.  you  discussed  the  correlation  of  .he  magnetic  field  variation  with  the  Doppler 
frequency  Juft.  On  pait  of  the  curves,  the  opposite  effect  seems  to  take  place  What  is  the  explanation  for  this 
phenomenon* 

Author's  Reply 

You  are  presumably  referring  to  the  tunes  when  the  entreat  frequency  approaches  the  operating  frequency,  Tho 
causes  a  moving  of  the  re  flee 'ion  area  resultuig  in  a  negative  Doppler  shift  which  in  turn  contaminates  the 
measurement  of  the  vertical  drift  due  to  current  changes  (i.e.  magnetic  field  vanatton).  A  correlation,  this,  cannot 
be  expected  during  this  time  penod. 


.J.  Aarons,  US 

F  layer  irregularities  are  ot  varying  sues,  ranging  from  kilometer  sires  dominating  HF'  returns  to  3  meter  irregulanttes 
detected  by  the  50MHz  baekscatter  radar  The  term  spread  F  irregularities  is  ou’moded  and  not  precise  since  they  are 
large  scale  irregular, ties  only  as  noted  on  milligrams  Fven  spread  F  irregularities  are  of  two  striking  different  types, 
range  and  frequency. 

Author’s  Reply 

According  to  the  recent  model  of  ionospheric  irregularities  proposed  by  Prof.  H.  Booker,  one  can  assume  that  a 
statistical  dependence  exists  between  irregularities  at  large  scales  of  some  hundred  kilometers  and  small  scales  of 
meters  This  dependence  can  be  understood  as  a  decay  of  large  scale  into  small  scale  lonosuation  irregularities 
(model  of  plasma  turbuhneol.  whe.e  the  large  scales  are  determined  by  typical  scales  of  atmospheric  gravity  waves. 
This  decay  process  of  plasma  turbulence  is  comparable  to  the  decay  of  atmospheric  turbulence  described  by  *he 
Koimogoroe  spectrum.  We  thus  really  observe  the  same  phenomenon,  which  either  rnav  be  called  equations! 
spread-F  (for  histoncal  re*;  w'„)  or  equational  F-region  irregularities  However,  the  observation  at  HF  and  UHF  are 
sensitive  to  different  spatial  scales  of  the  irtrgulanlies  spectrum  This  even  may  hold  for  the  d.ffercm  types  of  range 
and  frequency  -spread-F. 


T.B.  Jones.  UK 

Did  you  find  that  the  At  and  AH  disturbances  were  always  in  phase?  There  is  evidence  from  tempenituie  and  high 
latitude  Doppler  experiments  carried  out  by  tne  Leicester  group  that  time  delays  can  occur  between  the  At  and 
AH  disturbances. 

Author's  Reply 

Due  to  the  strong  frequency  fiuctua’ions  control  by  F-rvgiou  irregularities  such  a  phase  shift  cannot  significantly  be 
addressed  for  the  presented  example  It  has  to  be  cheeked  with  further  data  if  a  phase  shift  does  also  o.cur  in  our 
experiments. 


Klaus  B»W.  US 

We  hope  that  the  analysis  of  about  one  year  of  uigital  lonogram  data  from  the  equatorial  West  Pacific  station 
kwaialcin  will  resolve  some  ol  th<  d  screpanc.es  between  measurements  of  VH«'  scintillation  on  satellite  signals,  of 
scientific  radar  and  of  analog  lonosondes.  Specifically,  the  opposite  motion  of  background  loniation  as  seen  in 
umogiams  and  of  the  plasma  observed  by  the  radars  can  be  explained  when  the  Doppler  anu  arrival  angle 
information  on  digital  loncgrams.  is  considered.  As  seen  on  the  figure  (right  side  of  page  4,  -4  of  AllARD  preprint) 
the  lower  ionog.am  presents  the  real  amplitudes  4dB  steps  in  the  range,  frequency  display  of  the  digital  ionogram 
while  in  the  upper  ionograin  the  numbers  representing  Doppler  and  direction  show  the  simultaneous  upgrades 
motions  of  holes  (electron  density  minima)  and  downwards  motion  of  enhancement  in  addition  to  the  horizontal 
motion  of  the  average  ionization  Previously  analyses  of  the  onset  of  the  spremt-F  event  agrees  often  very  well  in 
Dr  Rottger’s  model. 
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SUMMARY 

Three  special  phenomena  of  transequatorial  propagation  are  described:  (1)  The  frequency  dependence  of 
of f-great-circ'e  path  points  to  Steen  horizontal  gradients  of  ionization,  csused  by  the  spatial  resonance 
effect  in  the  postsunset  equatorial  F-region.  (2)  The  small-scale  irregularities  of  the  equatorial  spread-F 
which  are  generated  at  the  steep  gradients  give  rise  to  strong  anplitud:  fluctuations  of  transequatorial 
signals.  (3)  The  upward  rising  depletions  of  ionization  can  duct  and  scatter  VHF  signals  over  distances 
of  more  than  6000  km. 


1.  INTRODUCTION 

It  was  considered  in  *orroer  investigations  (e.g.  RflTTGER,  1973)  that  the  formation  of  equatorial 
spread-F  iiregulariciee  which  lead  to  considerable  influence  of  transequatorial  HF  radio  propagation 
takes  place  in  three  main  phases.  The  purpose  of  this  paper  is  to  verify  these  assumptions  by  means  of 
further  results.  The  initial  phase  of  the  pre-midnight  equatorial  spread-F  ir  the  spatial  resonance  effect 
between  plasma  drifts  and  travelling  ionospheric  disturbances  (HEER,  1973;  RflTTGER,  1978a;  BOOKER,  1979) 
caused  by  atmospheric  gravity  waves.  Due  to  this  effect,  ionospheric  disturbances  can  be  amplified  so  that 
steep  electron  density  gradients  are  created  (KLOSTERMEYER,  1978).  In  the  second  phase,  electron  density 
irregularities  are  generated  at  these  gradients  due  to  Rayleigh-Taylor  instability.  The  depletions  of 
ionization  caused  by  the  amplified  disturbances  can  be  accepted  as  source  regions  of  rising  equatorial 
spread-F  bubbles  (WOODMAN  and  LA  HOZ,  1976)  which  in  the  third  phase  drift  to  high  altitudes. 

2.  OBSERVATIONS  OF  QUASI-PERIODIC  SPREAD-F  PATCHES 

During  the  developing  phase  of  the  equatorial  spread-F  often  delayed  echoes,  so-called  satellite  traces 
(CLEMESHA  and  WRIGHT,  1966),  are  observed  on  ionograms  which  indicate  that  besides  the  normal  vertical  re¬ 
flection  also  oblique  reflections  from  electron  density  irregularities  occur.  This  effect  is  known  as 
range-spresd-F.  Since  the  critical  frequency  of  the  discrete  satellite  traces  is  observed  to  be  net 
greater  than  the  critical  frequency  at  vertical  incidence,  it  is  assumed  that  these  traces  are  caused  by 
total  reflection  at  sufficiently  steep,  large-scale  electron  density  gradients  rather  than  by  scattering 
at  sm»ll-scale  electron  density  irregularities.  The  satellite  traces  often  are  observed  to  be  periodical 
(Figure  1),  which  leads  to  the  assumption  that  kinks  in  the  electron  density  distribution  vary  periodical¬ 
ly  in  space.  A*  Figure  1  shows,  these  traces,  which  occur  after  the  onset  time  of  equatorial  spread-F  at 
about  1930  LT,  change  their  position  with  tine. 

The  moving  kinks  of  large-scale  equatorial  spread-F  irregularities  also  can  be  seen  on  Dopp.er  records 
of  DAVIES  and  CHANG  (1968).  They  explained  the  observed  structures  Fy  quasi-periodical  kinks  in  the 
F-layer  and  reported  thai  the  kinks,  which  moved  at  a  velocity  between  100-200  m/s  to  the  east,  had  a 
medium  separation  of  200-400  km.  It  can  be  noted  from  their  records  that  during  the  lifetime  of  the 
observed  traces  the  Doppler  shift  and  the  Doppler  spread  decrease. 

Also  results  from  transequatorial  HF  radio  propagation  indicate  quasi-periodical  structures  in  the 
occurrence  of  equatorial  spread-F  irregularities  (RflTTGER,  1973).  It  w's  reported  that  wave-trains  of 
irregularity  patches  with  a  median  wavelength  of  380  km  moved  with  a  velocity  of  110  m/s  to  the  east, 
which  is  consistent  with  other  observations  (CLEMESHA  and  WRIGHT,  1966,  DAVIES  and  CHANG,  1968;  KELLEHER 
and  SKINNER,  1971).  It  will  be  pointed  out  here  that  the  developing  phase  of  the  observed  transequatorial 
echoes  supports  the  existence  of  strong  horizontal  electron  density  gradients  during  the  commencement  of 
the  equatorial  spread-F. 

Considering  the  HF  radio  propagation  measurements  on  the  transequatoi ial  path  Lindau-Tsumeb  (RflTTGER, 
1973),  we  obtain  oblique-incidence  sweep-frequency  ionograms  shown  in  Figure  2.  On  these  records,  the 
pulse  propagation  time  t’  is  measured  as  a  function  ol-  the  transmitting  frequency  f.  Figure  3a,  which 
gives  a  simplified  graphical  display  of  the  records  (Figure  2),  shows  at  '908  UT  the  common  echo  traces 
characterizing  the  propagation  conditions  in  the  grtst-circle  plane  between  transmitter  and  receiver.  The 
.ui re  .ponding  propagation  process  is  sketched  in  Fig' re  3b  (see  also  Figure  1  of  RflTTGER,  1973).  LI  is  the 
transmitting  station  Lindau  and  TS  is  the  receiving  station  Tsjaeb.  Concerning  the  normal  great-circle 
propagation  between  LI  and  TS,  we  measure  the  maximum  usable  frequency  f'  (cossaonly  called  MUF)  and  the 
corresponding  propagation  time  t^,  which  are  given  by  the  ionospheric  conditions  along  the  great-circle  path. 

To  investigate  the  frequency  dependence  of  non-great-circle  propagation,  the  transmitter  antenna  at 
Lindau  was  pointed  about  30°W  off  the  great-circle  direction,  and  consequently  a  receiving  antfnna  at 
Tsuaeb  was  used  pointing  to  the  corresponding  deviation  angle  at  Tsumeb.  This  angle  is  slightly  greater 
titan  the  deviation  angle  at  Lindau  when  considering  that  the  side  deflection  takes  place  in  the  equatorial 
region.  Examples  of  oblioue- incidence  ionogrims  obtained  during  this  experiments  are  shown  in  Figure  2. 

By  means  of  the  graphical  reproduction  given  in  Figure  3a  c.r.d  the  sketch  of  the  propagation  paths  given 
in  Figure  3b,  we  may  understand  the  formation  of  the  delayed  echo  traces  shown  on  the  record  at  the 
time  tj  (Figure  2,  1912-1920  UT). 


Dre  to  the  gradients  of  election  density  in  the  ionosphere,  5  radio  wave  suffers  a  defection  from  the 
original  propagation  direction.  Gradients  in  the  vertical  plane  lead  to  the  well-k.iovn  infraction  or 
reflection  of  r'dio  waves  in  the  ionosphere.-  Correspondingly,  gradients  in  the  ho:  i rental  plane  cause  the 
ray  path  to  be  horizontally  deflected,  which  commonly  is  known  as  azimuthal  deviation  of  the  ray  path. 

By  horisontal  gradients  (narked  by  arrows  in  Figure  J*>)  in  the  equatorial  ionosphere  (EQ  in  Figure  3b), 
a  wave  with  frequency  f .  transmitted  from  1  at  an  angle  )a|  »  0  will  be  deflected  to  the  receiving 
station  TS.  This  wave  will  reach  EQ  and  prepagate  from  there  to  TS  if  the  foiloviiy  conditions  are  ful¬ 
filled: 

f,  a  f;  .  (H 

where  f^  is  the  maximum  usable  frequency  given  by  gradients  in  the  vertical  planes  LI-EQ  and  EQ-TS.  Con¬ 
sidering  for  simplification  comparable  ionospheric  conditions  on  the  paths  LI-EQ,  EQ-TS  and  LI-TS,  the 
maximum  usable  frequency  f'o  is  approximately  the  same  on  all  three  paths.- 

The  next  condition  is  sttonger  than  condition  (11,  because  this  condition  is  necessary  to  provide  the 

great-circle  deviation: 

»,**;•  (2> 

where  f!  corresponds  to  the  horirontal  gradients  in  the  EQ  area.  To  fulfill  both  conditions  (1)  and  (2), 
we  obtain 

f,  s  f*  s  f'  .  P> 
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Let  us  now  consider  the  development  of  non-great-circle  paths  to  demonstrate  the  realization  of  these 
conditions.  The  graphical  display  (Figure  3a)  of  the  oblique-incidence  records  (Figure  2)  indicates  three 

different  phases.  At  1908  UT  only  normal  great-circle  propagation  takes  place,  we  observe  three  echo 

traces  which  probably  indicate  3F,  4F  and  5F  propagation  modes.  In  this  first  phase,  the  maximum  usable 
frequency  is  f'  and  the  corresponding  propagation  time  is  t'.  Besides  these  great-circle  paths  additional 
echoes  (t,  2  a&d  3)  are  observed  in  the  second  phase  after  ?912  UT  which  exhibit  a  larger  propagation 
time  tl  than  the  great-circle  echoes.  The  maximum  frequency  f.  of  these  signals  is  evidently  lower  than 
f'  at  1912  trr. 

o 

Ray  tracing  calculations  indicate  that  the  long  time  delay  of  the  sigrals  observed  around  t|  excludes 
a  propagation  in  the  great-circle  plane.  The  observed  time  delay  t!  -  t'  -  3  ms  :rongly  gives  evidence 
that  the  delayed  echoes  are  at  least  20°W  off  the  great  circle.  This  fact  incidentally-  should  be  expected 
due  to  the  main  lobes  of  the  antennas  pointing  to  west  off  the  great  circle. 

Further  evidence  that  these  delayed  signals  propagated  via  non-great-rircle  paths  is  given  by  tbe 
following  reason:  As  confirmed  by  several  investigations  (LYON  et  ai.,  1961,  CLEMESHA  and  VKIGHT,  1966; 
SKINNER  and  KELLEHER,  1971),  equatorial  F-repion  irregularities  are  almost  exclusively  observed  after 
sunset  in  F-region  heights.  The  terminator  crosses  the  F-region  in  that  part  of  the  equatorial  zon.  Inear 
the  dip  equator)  which  is  seen  at  20°W  from  the  Lindau-Tsumeb  path,  at  around  1910  CT  Since  the  uelayed 
echoes  on  the  record  sequence  of  Figure  2  appear  at  about  the  same  time  1910  l*T,  we  consequently  conrlude 
that  these  echoes  observed  around  20°W  are  caused  by  postsunset  ionization  irregular'ties  in  the  equato¬ 
rial  region. 

The  threefold  split  of  the  noa-great-circle  traces  observed  at  about  tj  is  not  due  to  multiple-hop 
propagation  bvt  is  caused  by  three  different  irregularity  areas,  as  demonstrated  in  the  lower  section  o! 
Figure  3b.  This  assumption  is  proved  by  ray  tracing  calculations  which  indicate  that  a  delay  of  less  than 
1  ms  between  different  hops  is  possible  for  non-great-circlz  paths  at  20  -30°W.  The  maximum  frequencies 
of  the  three  off-great-circle  paths  have  to  be 
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if  only  one  irregularity  area  would  cause  the  deviation.  Since  the  recr.-ds  show-  that  this  condition  does 
not  hold,  further  support  is  given  on  the  assumption  of  three  irregulax itv  areas  causing  these  paths  (see 
lower  section  of  Figure  3b). 

Concerning  again  the  maximum  frequency  of  the  three  non-great- circle  traces,  wc  conclude  that  steep 
horizontal  gradients  must  be  existent  to  get  thz  patht-  deviated  frees  the  great-circle  direction.  Because 

f!  (-  f,  >  <  t  ’  .  (5) 
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we  conclude  from  condition  (2),  which  is  more  decisive  than  condition  (1),  that  the  maximum  frequency 
is  controlled  by  the  horizontal  gradients  in  the  irregularity  areas  (EQ). 


As  the  horizontal  gradients  become  steeper  within  a  few  minutes,  we  observe  that  f.  *  f',  which 
takes  place  at  about  1916  UT.  This  observation  does  not  exclude  that  fj  >  f.  However,  in  thi*  case  condi¬ 
tion  (l)  would  be  violated,  thus,  off-great-c>cle  orepagation  is  obviously  not  possible  at  frequencies 


In  order  to  explain  the  observed  frequency  dependence  of  side  paths,  it  is  roughly  estimated  that  the 
perturbation  amplitude  has  to  be  as  strong  as  to  produce  ho.tzontai  gradients  of  the  election  density 
which  are  comparable  to  the  normal  vertical  gradients.  This  car  be  concluded  from  ,he  record  taken  at 
1912  CT,  where  the  non-great-circle  traces  look  like  steep  incidence  vertical  echoes,  i.e.  the  entire 
layer  has  to  be  tilted  ofi  the  horizontal  plane  up  to  about  30  (R6TTGER.  1973)  in  order  to  orovide  the 
observed  azimuth  deflection  of  the  r«y  pat). 

Steep  horizontal  electron  density  obviously  nas  to  be  claimed  to  explain  the  frequency  dependence  of 
the  oen-great-circle  paths  observed  at  1912-1916  UT.  Following  this  initial  perturbation  phase,  strong 
patchy-type  irregularities  are  generated  which  still  show  a  wave-like  structure  (ROTTGEr.,  1973).  The 
electron  density  variations  in  the  small-scale  irregularities  (scale  sizes  up  to  some  100  m),  which  form 
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large-scale  irregularity  patches  (scale  sites  cf  up  to  sow  100  km),  can  reach  some  ten  percent.  This 
evidently  can  be  concluded  from  amplitude  distributions  ar.d  spectra  of  HF  vaves  propagating  along  non- 
great-circle  paths  (RttTTCER,  1976). 

It  is  interesting  to  note  that  the  quasi-periodically  occurring  perturbation  areas  stem  to  come  into 
existence  almost  simultaneously  at  different  Ucations.  Later  on,  the  discrete  traces  deform  into  scatter¬ 
ed  and  tsore  or  less  non-resolved  echoes  caused  by  spread-F  irregularity  patches.  This  event  is  observed 
on  the  records  around  1920  UT.  The  characterising  feature,  that  the  perturbation  or  it  regularity  arias 
simultaneously  commence  at  separated  locations,  rather  regularly  is  obaervei  by  means  of  i ransequatorial 
propagation  and  by  direct  radar  observations  in  the  equatorial  region  (KFLLTHER  and  SKINNER,  1971). 

As  supposed  by  RtfTTCER  (1973),  these  observations  can  be  explained  bv  a  resonance  raechmism  of  an 
ionisation  *  :.ft  and  gravity  wave  induced  ionization  perturbations  (WHITEHEAD,  1971;  PEER ,  1973).  Concert  ¬ 
ing  th*  above  mentioned  observations,  it  follow*,  that  periodical  horizontal  variations  of  the  electron 
density  are  precursors  of  periodically  occurring  patches  of  equatorial  spread-F  irregularities.  The  fact 
that  perturbation  areas  in  the  F-regiou  coamence  simult meoualv  at  locations  separated  bv  a  few  hundred 
kilometers  directs  attention  to  periodical  structures  in  the  neutral  or  ionized  atmosphere,  which  mav 
trigger  the  generation  of  irregularities  or  will  at  least  modulate  the  spatial  diatribu'  ion  of  irregulari¬ 
ties. 

3.  Hr  S1GXAL  AMPLITUDE  DURING  SPREAD-F  CONDITIONS 

Ir  Section  2  the  frequency  dependence  of  transequatorial  HF  propagation  during  'he  roomencing  phase  of 
spread-F  was  described.  Before  presenting  in  Section  4  new  results  which  prove  a  ons.lerable  extension  of 
the  MUF  due  propagation  via  field-aligned  ionization  depletions,  we  will  shortl.,  vutl  »ne  the  amplitude 
variations  due  to  spread-F  irregularities. 

In  Figure  4  examples  of  power  or  group  delay  intensity  plots  are  shown  which  indicate  the  transition 
from  normal  propagation  conditions  in  tha  late  afternoon  (1805  UT)  to  fully  developed  spread-F  conditions 
in  the  evening  (2024  UT).  The  plots  are  snapshots  of  1-s  intervals  showing  the  shott-term  fading  of 
pulsed  signal  amplitude  on  a  fixed  frequency.  Around  1805  UT  two  traces  (3F  and  4F  propagation  along  the 
great-circle  path)  are  evident  which  show  a  rather  low  fading  rate.  Two  hours  later  distinct  traces  can 
nc  more  he  identified  since  the  propagation  is  strongly  influenced  by  spread-F  irregularities.  The  range 
of  propagation  time  increased,  which  is  explained  by  signals  propagating  along  o:f-great-circle  paths. 

It  it  also  discernible  that  the  fading  rate  is  much  faster.  The  amplitude  coherence  is  a  few  hundred  milli¬ 
seconds  only.  Sow  further  signal  parameters  of  transequatorial  HF  radio  propagation  under  spread-F  condi¬ 
tions  can  be  found  in  R0TTCER  (197t>),  where  the  coherence  times  as  veil  as  amplitude  distributions  and 
fading  power  spectra  are  treated  in  more  detail. 

4.  NUF  EXTENSIONS  DUF  TO  SCATTERING  AND  DUCTING  IN  S1READ-F  BUBBLES 

Observations  of  long-distance  contacts  on  144  MHz  over  more  than  6000  km  on  transequatorial  paths  were 
reported  recently  by  radio  amateur:  (TYNAN,  1978).  After  same  stations  in  one  hemisphere  had  heard  144  MHz 
signals  from  stations  located  several  thousand  kiloeteters  apart  in  the  other  hemisphere,  the  first  two-viv 
transequatorial  contacts  in  the  144-NHz  VHF  band  were  made  at  the  end  of  October  1977  between  several 
stations  in  Argentina  and  a  station  in  Caracas  over  a  distance  of  more  than  5000  ka.  These  were  fol’owed 
by  contacts  over  almost  6400  ka  between  station*  in  Puerto  xico  and  other  stations  in  Argentina.  In 
February  1978  contacts  between  stations  in  Darwi-:  (Northern  Australia)  and  Japan  took  place.  A  continuous 
series  of  contacts  between  Rhodesia  in  the  southern  and  Cyprus  ir.  the  northern  hemisphere  started  in 
April  1978.  An  instructive  picture  of  the  contii ui<"v  of  these  openings  is  given  by  the  observations  shown 
in  Figure  5.  These  observations  indicate  maximum  occurrence  of  transequatorial  propagation  on  frequencies 
larger  than  the  classical  HUE  between  1700  and  1900  COT,  which  is  1900-2100  local  time  a;  the  stations 
involved. 

The  general  features  of  this  type  of  propagation,  as  observed  until  now,  can  be  suniaarized  as  follows: 
(1)  highest  probability  and  maximum  signal  strength  is  observed  during  the  hours  after  sunset  near  the 
radio  path;  (2)  north-south  paths  with  the  station  locations  approximately  symmetrical  to  the  eaith's 
magnetic  equator  seem  to  be  preferred;  and  (3)  signals  very  frequently  indicate  strong  flutter  fading 
connected  with  perceptible  frequency  modulation  comparable  to  those  features  of  auroral  backscatter. 

It  is  known  that  transequatorial  contacts  on  50  MHz  can  be  established  regularly  during  years  of  reason¬ 
ably  high  sunspot  nus&ers.  These  contacts  become  possible  due  to  the  so-called  supermodes,  which  are  ex¬ 
plained  by  a  double  reflection  (better,  perhaps,  to  ssy  deflection.  Figure  6)  in  the  equatorial  ionosphere 
showing  large  enhancewnts  of  the  critical  frequency  north  and  south  of  the  earth's  magnetic  equator.  This 
enhancement  is  called  "equatorial  anomaly  of  the  F-region".  The  superoodes  (see  dashed-dotted  line  in 
Figure  6)  due  to  :Si*  anomaly  are  sometimes  covered  by  the  influence  of  strong  spread-F  irregularities. 
Since  it  is  well  known  that  the  critical  frequencies  in  the  equatorial  anomaly  of  the  F-region  do  no  reach 
values  which  allow  frequencies  greater  than  about  50  MHz  to  be  reflected  at  oblique  incidence,  a  new 
explanation  was  offered  by  R5TTCER  (1978b)  for  the  well-established  transequatorial  contacts  in  the  higher 
VHF  band. 

Observations  with  the  high-pover  50-MHz  radar  near  Lima,  Peru  (VOODMAN  and  LA  HOZ,  1976),  rransequato- 
rial  propagation  experiwnts  in  the  KF  band  (rOTTGER,  1973;  DISMISSES  and  R0TTCER ,  1975),  a  well  as  obser¬ 
vations  with  orbiting  satellites  (McCLURE  et  al.,  1977)  showed  that  in  the  night-time  equatorial  ionosphere 
rather  turbulent  fluctuations  of  irregularities  exist  which  are  connected  with  large  depletions  or  bite- 
outs  of  ionization.  These  depletions  in  the  ionosphere,  which  are  generated  at  an  altitude  of  about  400  km, 
can  drift  upwards  in  the  ionosphere.  It  is  observed  that  these  bubbles,  w.tich  have  distensions  of  some 
10  to  100  km,  occur  in  periodical  patches.  One  may  assume  that  this  periodicity  is  due  to  atmospheric 
gravity  waves  caused  by  severe  tropical  thunderstorms  (R^rTGER,  1977).  A  farther  treatment  of  the  connec¬ 
tion  between  spread-F  irregularities  and  thunderstorm  activity  in  the  tropics  will  be  published  elsewhere. 
Besides  drifting  upwards,  these  patches  of  bubbles  and  *he  corresponding  spread-F  irregularities  also  move 
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in  west-east  direction.  One  can  thus  expect  several  bubbles  to  cross  a  transequatorial  radio  path  during 
an  evening  at  time  intervals  of  20-60  min.  The  ionization  or  plasma  bubbles,  which  most  frequently  occur 
aoouc  1-4  h  after  sunset  at  the  equator,  can  even  rise  to  altitudes  larger  than  1000  km.  At  the  boundaries 
and  in  the  wake  of  these  rising  bubbles,  ionization  irregularities  occur  which  scatter  HF  and  VHF  radio 
signals. 

T  lis  scattering  process  is  comparable  to  aurora  backscatter  from  f ield-aliRned,  almost  vertically 
extended,  irregularities.  Because  nf  the  horizontal  direction  of  the  earth's  magnetic  field  at  the  equator, 
the  ionization  irregularities  causing  traneequ.'torial  propagation,  however,  are  almost  norizontally  extend¬ 
ed.  In  the  case  >f  transequatorial  propagation  th.se  high-altitude  spread-F  irregularities  cause  forward 
scattering  (see  lashed  line  in  Figure  6).  One  may  also  regard  transequatorial  ducting  of  VHF  signals  in 
field-aligned  cubes  cf  ionization  bite-outs.  The  term  "scattering"  used  in  this  paper  expresses  *  possible 
super-position  of  ducting  or  quasi-reflection  at  the  bubble  boundaries  and  pure  forward  scattering.  More 
detailed  calculations  of  this  propagation  phenomenon  are  given  in  the  paper  by  HERON  (1979). 

It  is  noted  that  ray  bend’ng  in  the  lower  ionosphere  along  the  paths  to  the  bubbles  can  be  neglected  on 
high  VHF  (e.g.  f.  ■  144  MHz  in  Figure  6),  which  means  that  these  signals  propagate  approximately  or.  a 
straight  line  from  the  transmitter  to  the  scattering  bubble  and  from  there  to  the  receiver.  The  lower  the 
frequency,  the  stronger  is  the  ray  path  deflection  of  radio  signals  in  the  ionrsphere.  This  well-known 
phenomenon  causes  the  ray  paths  of  HF  signals  to  be  deflected  or  bent  so  strongly  that  they  again  reach 
the  earth's  surface.  At  frequencies  larger  than  the  MUF  (maximum  usable  frequency  for  a  given  radio  path) 
the  ray  is  still  somewhat  deflected  in  the  ionosphere  but  can  no  longer  reach  the  earth's  surface.  On 
50  MHz  this  ray  bending  still  has  to  be  taken  into  account,  which  can  cause  these  signals  not  to  reach  the 
high-altitude  i’ regularities  in  the  bubbles  (dotted  line  in  Figure  6).  This  may  be  the  reason  for  sone 
reports  indicating  that  50-MHz  transequatorial  propagation  was  not  observed  during  144-MHz  contacts. 

During  times  ot  low  critical  frequencies  of  the  ionosphere,  the  ray  bendirg  is  not  too  strong.  Thus 
50-MHz  signals  can  also  reach  high-rising  spread-F  bubbles  so  that  long-distar.ce  transequatorial  propaga¬ 
tion  via  scattering  can  also  take  place  on  50  MHz.  The  50-MHz  transequatorial  signals  then  gain  strong 
flutter  fading.  It  is  estimated  that  the  bubble  i-regularities  should  also  be  capable  of  scattering  fre¬ 
quencies  even  higher  than  144  MHz,  which  in  fact  already  appears  to  have  been  observed  in  the  430-MHz 
aoateut  radio  band.  Due  to  the  moving  bubble  and  the  accompanying  turbulent  irregularities,  the  scattered 
signals  gain  stiong  amplitude  and  frequency  distortions,  which  are  known  as  severe  flutter  fading  and 
frequency  spread.  Si  ce  bubbles  can  move  in  periodical  patches  across  the  transequatorial  propagation 
path,  one  expects  the  signal  to  indicate  long-term  fading  of  20-60  min  (Figure  5).  These  bubbles  commonly 
reach  heights  around  700  kir.,  so  that  signals  on  high  VHF  were  often  observed  over  distances  of  6000  km. 
Since  the  maximum  altitude  at  which  irregularities  connected  with  these  bubbles  were  observed  exceeded 
1000  km,  and  taking  into  account  some  slight  ray  bending  in  the  F-layer,  one  should  expect  high  VHF  trans¬ 
equatorial  propagation  over  distances  up  to  10000  km. 

5.  CONCLUSION 

Spread-F  irregularities  occurring  regularly  after  sunset  in  the  equrtorial  ionosphere  have  a  consider¬ 
able  influence  on  HF  and  VHF'  radio  propagation.  It  was  shown  in  this  paper  that  strong  side  reflections 
due  to  horizontal  gradients  of  electron  density  occur.  These  large-scale  gradients,  which  are  caused  by 
the  spatial  resonance  effect,  are  precursors  of  small-scale  spread-F  irregularities  and  upward  rising 
depletions  of  ionization.  The  small-scale  irtegularities  cause  intense  amplitude  fluctuations  cf  HF  and 
VHF  signals  propagating  on  transequaccrial  paths.  It  is  shown  that  the  rising  ionization  depletions  can 
give  rise  to  forward  scactering  and  ducting  of  VHF  signals  (up  to  150  MHz)  which  can  propagate  over 
transequatori  ■!  distances  of  more  than  5000  km. 
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Scheme  of  ionogram  traces  taken  from  Figure  2,  and  schematic  view 
of  the  transequatorial  path  Lindau  (1.1/  -  Tsuracb  (TS). 
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Fig.  4  Group-delay  intensity  plots  recorded  on  14.7  MJfc  on  t'.ie  transequa 
torial  radio  path  lir.dau-Tauweb  (7915  km).  These  records  show  the 
typical  delay  spread  and  fast  fading  of  TEP  signals  influenced  by 
equatorial  spread-F  irregularities. 
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Pi*,  •>  Relative  field  strength  of  Salisbury  beacon  on  144.  t  tR  Mils. 

recorded  in  Cyprus  during  April  1978.  The  beacon  t  ranatr.it  tei  had 
50  W  RF  ami  an  1l-«l  Yagi.  A  10-el  Yagi  and  a  receiver  with  noise 
figure  ni  1,8  da  va*  used  for  retention,  (From  RflTTGFR,  1078K' 


Fig.  b  Scheme  of  tranaequatorial  propagation  on  lc>w  (f  *  50  >81*)  and 
high  if,  «  l«5  MH*)  frequency,  During  the  postgi’nset  hour*, 
spread**  irregularities  \sp-F)  rathe-  regularly  occur  in  the  iono¬ 
spheric  P-layer  near  the  magnetic  equator.  Characteristic  features 
of  the  equatorial  cpread-F  pi enomenor  are  plaama  huhhle*  which 
rite  to  altitudes  of  about  400- 1000  km.  The  accompanying  nigh- 
altitude  ionospheric  irregularities  scatter  and  duct  VHF  signals 
so  that  TE  propagation  over  distances  of  more  than  eOCK?  km  becomes 
possible  (dashed  tine),  low  VHF  signals  are  deflected  north  and 
south  of  the  magnetic  equator.  Mainly  dvring  daytime  hours  this 
cai,  give  reason  for  tranaequatorial  propagation  ("supermode"  indi¬ 
cated  by  dashsj-dotted  line).  The  deflection,  on  the  other  hand, 
can  cause  the  low  VHf  signals  not  to  reach  the  high-altitude 
irregularities  (dotted  line),  which  explains  the  observed  difference 
of  postsunset  tranaequatorial  propagation  on  low  VHF  and  high  VHF. 


DISCUSSION 


Jules  Aarons,  US 

Have  you  validated  your  hypothesis  of  thunderstorm  related  bubble  initiation  on  an  individual  (day  to  day)  basis’ 

Author's  Reply 

One  can  assume  that  some  triggering  effect  of  equatorial  F-region  irregu'arities  does  exist  due  to  gravity  waves 
which  ate  generated  by  thunderstorms.  Except  of  proving  this  by  means  of  statistics  it  appears  to  be  very  difficult  to 
do  case  studies  in  tracing  gravity  waves  between  the  source  in  the  troposphere  and  the  hemisphere.  One  has  to  take 
into  account  that  thunderstorm  systems  in  a  rather  large  area  may  contribute  to  the  gravity  wave  spectrum  in  the 
thermosphere.  A  rathe,  extended  observation  network  therefore,  would  be  necessary  to  prove  a  day-to-day 
variability  which  at  this  tune  is  not  available. 
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DETECTION,  RANGING  AND  DRIFTSPEED  MEASUREMENTS  OF  EQUATORIAL  IONOSPHERIC 
IRREGULARITIES  BY  MEANS  OF  AIRGLOW  OBSERVATIONS 
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SUMMARY 


i 
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Measurements  of  the  emission  rate  distribution  of  the  red  oxygen  line  X  =  630  nm 
(  =  6300  A)  in  the  night  airglow  with  a  panorama  photometer  at  Tsuii.eb,  Namibia  (former 
called  South  West  Africa)  have  shown  the  occurrence  of  distinct  airglow  irregularities  in 
the  equatorial  region.  These  irregularities  are  accociated  with  Irregularities  in  the 
electron  density  of  the  ionospheric  F2-layer  (also  called  spread  F)  and  show  a  nearly 
constant  eastward  drift  with  a  average  speed  of  about  100  m/s.  The  drift  to  the  east  is 
superimposed  by  an  irregular  movement  to  the  south  and  north  with  a  speed  of  about  200  rr./fe 
and  more. 

These  equatorial  electron  density  irregularities  were  identified  by  ROTTGER,  1973  by 
means  of  transequatorial  H.F.  propagation  from  Germany  to  Namibia.  The  calculation  of  the 
eastward  drift  speed  frcm  this  radio  method  has  led  to  the  same  value  as  that  deduced  from 
airglow  observations.  However,  the  radio  method  does  not  permit  information  to  be  obtained 
about  the  north-south  drift  of  the  irregularities. 

INTRODUCTION 

The  emission  rate  distribution  of  the  red  cxygen  line  X  =  630  nm  (=  6300  8)  in  the 
night  airglow  has  been  measured  with-  a  panorama  photometer  at  Tsumeb,  Namibia  (former 
«Ked  South  West  Africa)  from  1971  to  1973.  Fig.  1  shows  such  an  emission  rate  distribu- 
ti  n  for  June  11,  1972,  1915  UT  (about  2025  local  time).  The  observation  poirt  is  locrted 
at  the  center  of  the  diagram.  The  photometer  scans  the.  sky  at  9  different  elevation  angle^ 
eai  i  rotating  with  360s  in  azimuth.  The  elevation  ancles  are  destinated  in  such  a  way  that 
the  sky  is  scanned  in  equidistant  circles  with  scarcely  200  km  horizontal  distance 
between  them  at  about  250  km  height. The  outer  circle  in  the  Figure  therefore  has  a  radius 
of  scarcely  1600  kn.  In  the  representation  is  north  at  the  top  and  east  to  the  riqht.  The 
emission  rate  is  proportional  to  the  length  of  each  dash.  The  calibration  and  the 
distance  scale  is  to  the  right. 

The  Figure  shows  a  pronounced  increase  of  the  emission  rate  to  the  north  of  Tsumeb 
at  a  distance  of  about  1500  km.  This  increase  is  the  so  called  "tropical  red  arc"  which 
was  first  observed  by  BARBIER,  1960  at  Taroanrasset  in  the  South  of  Algeria.  The  a-c  is 
extended  along  the  geomagnetic  parallels  of  latitude  and  occurs  on  both  sides  of  the 
geomagnetic  equator  at  a  geomagnetic  latitude  of  about  15-2o°  N  and  S.  The  southern  arc  ; 

therefore  is  still  located  in  the  range  of  the  panorama  photometer  at  Tsumeb  (geomagnetic 
and  geographic  coordinates  of  Tsumeb  see  text  Fig.  1).  According  to  rig.  i  the  emission 
rate  of  the  tropical  red  arc  is  about  ten  timeo  higher  than  the  emission  rate  over  Tsumeb 
Both  arcs  fit  together  with  the  so  called  "APPLETON  anomaly"  in  the  electron  density  of  > 

the  F2  layer.  This  is  a  pronounced  increase  in  the  electron  concentration  at  about  300  km  j 

height  of  the  ionosphere.  Both  optical  arcs  and  the  APPLETON  anomalies  on  the  northern 
and  southern  Hemisphere  are  separated  by  a  stripe  along  the  geomagnetic  equate r  with 
pronounced  lower  emission  rate  and  lower  electron  density  respectively. 

The  APPLETON  anomaly  represents  an  accumulation  of  electrons  which  have  beer,  trans¬ 
ported  by  the  HALL  Effect  of  the  equatorial  ringcurrent  in  the  geomagnetic  field  to  the  i 

upper  level j  of  the  F-layer.  From  there  they  have  drifted  by  the  influence  of  ora'ity  I 

forces  along  the  lines  of  force  of  the  geomagnetic  field  to  the  north  and  south  to  lower  I 


heights  and  ca-so  an  increase  of  the  electron  concentration:  the  APPLETON  anomaly.  This 
increase  there  leids  to  an  increase  of  the  emission  ifcte  caused  by  enhanced  dissociative 
re-combi natron  of  0-,  according  to  the  equation 

0 2  +  e  •  O  ♦  o'  ♦  6.96  eV 

O*  is  generated  at  these  heights  by  charge  exchange  with  0  according  to 

0 .  +  0+  «  ot  +  o 

The  energy  of  6.'s  eV  released  by  the  dissociative  recombination  is  sufficient  to  excite 

che  Ot'l>)  level  of  atomic  oxyqen.  This  state  leads  to  the  excitation  of  the  red  line 
8 

(6  30  r.m  *>  6  300  A)  . 

RESULTS  OF  THE  OBSERVATIONS 

’’’he  following  Figures  2  to  12  show  the  development  and  variation  of  the  tiopical  red 
arc  in  the  urst  three  hours  after  sunset.  Fig.  2  shows  the  arc  at  1945  UT.  Compared  with 
Fig.  1  the  emission  rate  has  decreased  a  little.  The  state  of  development  15  minutes  later 
is  shewn  in  Fig.  3  (2000  UT) .  The  emission  rate  maximum  now  has  shifted  to  the  south  from 
the  outer  circle  to  the  next  inner  circle  and  the  extension  in  east-west  direction  is 
restric.ed,  that  means,  that  an  irregularity  in  the  emission  rate  has  been  generated.  The 
following  Figures  will  show  that  this  irregularity  drifts  to  the  east. 

Fig.  4  shows  the  start  of  the  generation  of  a  second  irregularity  to  the  left  of  the 

first.  In  the  following  Figures  5  and  6  this  second  one  is  already  well  developed. 

Fig.  7  ——15  minutes  later - clearly  shows  the  drift  of  the  irregularity  to  the  east  and 

a  shift  back  to  the  north  tv  the  outer  circle.  The  movement  to  the  north  over  a  distance 

of  about  200  km - the  radial  distance  between  two  circlet. -  takes  place  within  a  maximum 

time  intervall  ct  15  minutes -  time  between  two  measurements.  Inis  corresponds  to  a 

minimum  north  south  speed  of  about  220  m/s. 

In  the  following  E.gures  8  (2115  UT)  to  12  (2215  UT)  the  continuation  of  the  east 
west  divfi  of  the  irregularities  and  an  irregular  alternating  movement  between  the  outer 
and  the  next  inner  circle  can  be  seen.  The  calculation  of  the  east  west  drift  velocity  by 

consecutive  measurements  gives  a  value  of  91  m/s.  This  is  less  than  the  velocity  in  north 

south  direction. 

TKe  airglow  irregularities  shown  in  Fugures  2  t-">  12  are  associated  with  irregulari¬ 
ties  in  the  electron  density  in  the  ionospheric  Fi-layer  (also  called  spred  F)  which  give 
rise  to  radio  wave  propagation  interference.  These  electron  density  irregularities  in  the 
APPLETON  anomaly  were  identified  by  ROTTGER  (  1973  and  in  this  volume)  by  means  of  trans  • 
equatorial  H.F.  propagat ion  from  Germany  to  Namibia.  The  calculation  of  the  eastward  drift; 
speed  from  these  observation  has  led  to  an  average  value  of  about  100  m/s  and  is  of  the 
same  order  as  the  speed  deduced  from  optical  observations. 

From  the  transequatorial  HF  propagation  information  about  the  speed  o*  the  eastward 
drift  can  be  received  only.  However,  the  radio  method  does  not  permit  information  to  be 
obtained  about  the  north  south  drift  of  the  irregularities. 

According  to  calculations  of  ROTTGER  1973  the  generation  of  these  < regularities  are 
released  by  social  resonance  effects  between  atmospheric  gravity  waves  and  plasma  drift 
in  the  equatorial  region.  The  largescale  occurrence  of  these  irregularities  therefore  Is 
quasi  periodical  as  can  be  seen  from  the  Figures. 

As  shown  in  Fig.  1  to  3  the  tropical  red  arc  occurs  in  the  early  ev&ning  hours.  This 
\s  ir.  accordance  with  satellite  observations  with  0G0  4  and  6  (REED,  E.I.  et  al.  1973) 
THUILLIER,  v,.  and  8LANONT,  J.E.  1973).  The  0G0  4  takes  98  minutes  for  one  orbit.  The  fine 
structure  in  the  variation  of  the  location  and  the  emission  rate  of  the  arc  revealed  by 
the  panorama  photometer  with  15  minutes  observation  sequence  therefore  can  not  be  detected 


IS-.? 


by  the  satcll.it*.  The  techrical  construct iot:  of  the  panorama  photometer  shown  here 
allow#  the  production  of  emission  rate  distribution*  as  shown  in  Figures  1  to  13  in 
4  minutes  intervalls.  The  results  shown  here  therefore  represent*  a  good  example  that 
air glow  observations  by  satellites  can  be  supplemented  very  succesfully  by  ground  based 
photo-  ater  observations, 
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Fig.  1. Emission  rate  distribution  of  the  rec  oxygen  line  c-ver  Tsianeb  on  June  11,1972, 

1915  UT,  The  observation  point  is  located  at  the  center  of  the  diagram.  The 
photometer  scans  the  sky  at  9  different  elevation  angles,  each  rotating  with 
360*  in  asimutb.  The  elevation  angles  are  desti rated  in  such  a  way  that  the 
sky  is  scanned  in  equidistant  circles  with  scarcely  200  km  horisontal  distance 
between  them  at  about  250  km  height.  The  cuter  circle  ir.  the  Figure  therefore 
has  a  radius  of  scarcely  16po  km.  In  the  representation  is  north  at  the  top  and 
east  to  the  right.  The  emission  rate  is  proportional  to  the  length  cf  each  dash. 
The  calibration  and  the  distance  scale  is  to  the  right.  The  geographic  coordinate* 
of  Tsumeb  are: 

19* 14*S,  X  «  1 7*43 * Ej  and  the  geomagnetic: 

♦  -  18'irs,  A  *  82*48' E. 
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Fig.  2  Simi jar  representation  as  in  Fig.  I  but  at  1945  IT  the  same  day 
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Fig,  3. Similar  representation  as  in  Fig,  1  out  at  2000  UT  the  same  day 
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representation  as 
in  Fig.  1  but  at 
2015  UT  the  same 
day 
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Fig.  S.Simila'.  representation  as  in  Fig.  1  but  at  2030  UT  the  same  day 
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Fig.  6. Similar  representation  as  m  Fig.  1  but  at  2045  UT  the  same  day 
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Fig.  8. Similar  representation  as  in  Fig.  1  but  at  2115  UT  the  same  day 
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Fig.  9.  Similar  representation  as  in  Fig.  1  but  at  2130  UT  the  same  day 
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HF  WAVEFRONT1  .IRREGULARITIES  DESERVED  ON 
A  lAfiS  APERTTRE  RECEIVING  ARRAY 

T.B.  Jones  and  E.C.  T>  unas 
Department  of  Phys ic a 
University  of  Leicester 
Leicester,  U.K. 

SUHKARY 

In  recent  years  consideraole  attention  has  been  given  to  improving  HF  system  performance  by  the 
use  of  large  multi-element  arrays  which  have  adaptive  capabilities.  Such  arrays  normally  require  the 
phase  front  of  the  received  signal  to  be  linear  across  the  array.  There  is  evidence  which  suggests  that 
the  ionosphere  produces  distortions  in  the  linearity  of  the  reflected  wavefront  and  this  imposes  a 
fundamental  limitation  on  the  antenna  performance. 

A  new  receiving  array  has  been  constructed  consisting  of  seven  elements  distributed  along  the 
arras  of  an  L  in  a  minimum  redundancy  configuration.  The  maximum  dimension,  across  the  *nds  of  the  arrs 
is  1  .1  km.  The  phase  and  amplitude  at  each  element  can  be  measured  simultaneously  ever/  1.1  sec  thus 
enabling  rapid  changes  in  the  wavefront  to  be  investigated.  The  paper  descrioes  some  of  the  preliminary 
results  obtained  with  the  airay  for  both  ground  and  sky  waves.  The  wavefront  curvature  can  b;  determined 
for  the  ground  wave  case  and  hence  the  location  of  transmitter  derived.  For  sky  waves, wavefront, 
irregularities  frequently  oocu-  ever,  during  conditions  when  propagation  appears  to  be  single  r..oded.  The 
spatial  and  temporal  extent  of  diese  irregularities  is  investigated  since  thei-  p.esence  is  likely  to  be 
a  major  Uniting  factor  in  the  performance  of  nulti-eienent  adaptive  arrays. 

1  .  INTRODUCTION 

The  optimum  performance  of  a  large  antenna  array  is  frequently  not  achieved  because  of  non- 
linearities  in  the  phase  front  of  the  received  radio  signal.  In  addition  to  the  phase  deviations, 
amplitude  fluctuations  in  the  received  wavefront  can  also  occur.  The  limitations  in  performance  imposed 
by  wavafront  non-linearities  have  long  been  recognised  and  these  effects  are  discussed  by  several  authors, 
e.g.  Gething  0578},  lice  (1975).  In  the  high  frequency  (IT  )  band,  particular  attention  has  been  given 
to  the  errors  observed  in  the  bearing  of  the  received  signals  when  large  aperture  direction  finders  are 
employed  (Hayden,  E.C.,  1961:  Jones  and  Reynolds,  1975). 

Irregularities  in  the  received  wavefront  can  be  produced  by  a  number  of  mechanisms.  V.hen  the 
signal  is  received  via  two  independent  oropagation  paths,  destructive  interference  can  occur  at  points 
rlong  the  antenna  ar-ay.  The  interference  pattern  will  vary  in  both  space  and  time  because  the  various 
propagation  paths  involved  are  usually  time  varying.  An  alternative  mechanism  involves  the  reception  of 
the  signal  from  a  rough  reflector  (e.g.  the  ionosphere)  then  a  large  number  of  near  equivalent  rays  are 
incident  on  the  receiving  antenna.  In  this  case  a  "diffraction  pattern"  is  formed  on  the  array  and 
corresponding  changes  in  phase  and  amplitude  are  observed  across  the  array  (Booker  et  al,  1957)*  dunce 
the  reflecting  medium  i3  usually  time  varying,  the  diffraction  pattern  is  also  time  varying  as  is  the 
apparent  wavefront  measured  by  the  antenna  array. 

This  paper  reports  on  an  investigation  of  the  wavefronts  of  HF  signals  received  on  a  large 
receiving  array  for  a  range  of  propagation  conditions.  The  array  consists  of  seven  vertical  elements 
spaced  in  a  minimum  redundancy  configuration.  The  phase  and  amplitude  on  each  element  are  measured  and 
the  whole  array  scanned  every  0.1  sec.  Signals  received  via  (a)  ground  waves,  and  (b)  sky  waves,  have 
been  investigated.  The  curvature  of  the  wave  front  of  the  ground  wave  signals  enables  t^e  location  of 
the  transmitter  to  be  determined.  The  skv  wave  signals  exhibit  a  wide  variety  of  disturbance  features 
and  an  attempt  is  made  to  relate  these  to  t!ie  corresponding  reflection  conditions  in  the  ionosphere. 

2.  EXPERIMENTAL  ARRANGEMENT 

The  antenna  array  consists  of  seven  elevated  feed  vertical  monoples  arranged  along  the  arms 
of  an  L  as  indicated  in  Figure  1 .  The  spacings  along  each  arm  of  the  array  are  in  the  ratio  1  :  3  :  2, 
with  each  unit  corresponding  to  270  meters.  This  allows  the  maximum  number  of  element  separations  to  be 
achieved  for  a  given  number  of  elements  in  the  array.  The  signals  from  each  element  are  brought  to  ur.t 
central  laboratory  via  equal  length  feeders  to  preserve  the  phase  information  and  ere  then  fed  to  a  seven 
channel  phase  matched  receiver.  This  arrangement  is  shown  in  Figure  2  and  consists  of  seven  Racil  P-.  17 
HF  receivers  which  have  common  mixer  signals  derived  from  highly  stable  synthesised  sources.  Suitable 
selection  of  these  mixer  frequencies  provides  tuning  for  all  the  receivers.  An  eighth  similar  channel  is 
provided  and  supplied  with  a  synthesised  RF  reference  signal  at  a  frequency  2  Hz  lower  than  the  required 
frequency.  This  down-converted  inference  signal  is  mixed  with  the  IF  outputs  of  the  other  sever,  recuvers, 
in  quadrature  phase  detectors.  The  arrangement  effectively  provides  down-conversion  of  the  RF  sigrals 
in  the  seven  channels  tc  2  Hz.  The  in-phase  and  quadrature  outputs  of  the  phase  deter: to. s  r, re  sampled  ’ey 
an  A-R  converter,  the  complete  arrangement  being  scanned  ten  times  a  second.  A  PDP  8  mini-corapate- 
con  verts  this  information  to  amplitude  and  phase  values  to  allow  either  analysis  in  real  time  or  storage 
on  magnetic  tape  for  later  processing. 

The  receiver  in  each  channel  of  the  system  int-oduces  an  arbitrary  phase  rhi' t  into  the  signal 
and  in  addition  imposes  a  different  amplitude  response.  A  calibration  faciliiv  is  thereiore  required 
to  determine  the  magnitude  of  these  effects.  This  is  achieved  i>y  switching  ti#  receiver  inputs  to  a 
reference  signal  at  the  required  input  frequency  such  that  the  phase  of  the  reference  -'s  the  seme  at  each 
receiver  input.  The  amplitude  of  this  calibration  signal  is  varied  by  means  of  u  programmable  attenuator. 
The  PDP  8  controls  the  calibration  procedure  and  stores  the  data.  This  allows  co’-rection  of  the  phase 
and  amplitude  information  subsequently  recorded.  The  analysis  facility  can  produce  graphical  represent¬ 
ation  of  the  phase  and  amplitude  variation  on  each  element  displayed  as  a  function  of  time 
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3.  OBSERVATIONS  0 F  OiOUND  WAVE  SIQNAIS 

To  test  the  correct  operation  of  the  phase  find  amplitude  measuring  si's  tom,  obse  orations  tiers 
undertaken  on  ground  wave  signals  which  are  assumed  not  to  vary  with  time.  Measurements  wo  e  undertaken 
on  two  BSC  transmitters  of  frequency  1.31*  end  0,6. ‘3  MH*  situated  at  distances  of  M.$  and  75.5  km 
respectively  from  the  receiving  array.  A  sruuple  of  the  results  obtained  Is  reproduced  in  Figure  3,  and 
clearly  shows  the  characteristically  constant  phase  and  ampli tuda  recorded  on  each  of  the  seven  antenna 
elements.  Similar  results  were  obtained  for  other  ground  wave  signals. 

The  ability  to  record  the  phase  at  •‘‘.  •oe  or  more  known  points  in  the  graund  wave  phase  front, 
intrinsically  suggests  that  It  should  be  possible  to  determine  the  posit! an  of  the  transmitter  from  a 
knowledge  of  the  wave  front  curvature.  This  situation  is  illustrated  In  figure  U  where  it  is  evident  that, 
the  difference  in  phase  between  the  points  AB,  BC  and  AC  depend  on  their  distance  from  the  transmitter. 

The  phase  difference  between  elements  of  tlie  array'  can  he  measured  to  an  accuracy  of  3  degrees  and  this, 
together  with  the  maximum  spacing  available  and  the  wavelength  of  the  received  signal,  limits  the 
accuracy  to  which  the  position  of  the  transmitter  can  bo  determined .  The  higlmr  the  signal  frequency  the 
greater  accuracy  for  a  given  siae  of  array  aperture  and  phase  resolution.  Figure  5  lllustrateo  tho 
increase  in  maximum  range  with  frequency  at  which  a  transmitter  can  be  located  for  on  aperture  of  1  km 
and  a  phaee  resolution  of  3  degrees.  Lt  should  also  be  noted  tliaO  the  ground  wave  propagation  range 
decreases  with  increasing  frequency. 

Excellent  results  have  been  obtained  using  tne  1.31*  and  0.693  IDfc  transmissions.  As  a  cross 
check,  the  phaee  differences  produced  over  tho  army  were  calculated  for  a  knowledge  of  the  transmitter 
locations.  In  Table  1  these  calculated  phases  are  compared  with  the  measured  values  and  agreement  to 
better  than  1 0  dogrees  is  obtained  in  most  cases 
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TABLE  1  Comparison  of  measured  and  calculated  phases  on  each  element,  of  the  array  for  0.693  and 

1 .31*  KHz  ground  wave  signals 


It  is  evident  that  in  these  examples  accurate  location  of  the  signal  source  could  be  achieved 
from  the  phaee  observations.  The  occurrence  of  interfering  signals  considerably  disturbs  the  phaee 
measurements  and  in  general  it  was  not  possible  to  locate  the  transmitters  accurately  in  tl»  presence  of 
interference . 

I*.  OBSERVATIONS  OF  SKY  WAVE  SIGNALS 

Signals  from  distant  HF  *  ran  sn  liters  are  received  via  tho  ionosphere,  consequently,  changes  in 
the  electron  density  distribution  within  the  ionosphere  play  an  important,  roio  in  determining  the  phase 
and  amplitude  distribution  across  tha  received  wavefront..  The  radio  waves  fioquently  travel  between 
‘ransnitter  and  recei  msr  by  means  of  more  than  one  path  and  several  'modes'  of  propagation  are  possible, 
e.g.  1  hop  F.  and  1  hop  F.  Thus,  two  or  more  independently  varying  components  can  be  incident  on  the 
receiving  array,  ft  is  important  therefore  to  determine  which  propagation  nodes  are  active  over  a 
particular  pat-h  at  any  given  time,  ideally  an  oblique  ionospheric  sounder  would  be  c.uployed  but.  slr.ee 
such  an  instrument,  is  not  available,  the  active  nodes  have  Inter,  estimated  from  vertical  Incidence  lonograms 
taken  near  the  receiving  site  and  the  appropriate  trar.^mission  curves.  This  method  is  "ell  ettablished 
and  details  j<  *  given  in  the  literature  (Dttvlos,  1965}  Oio.iinger,  196R),  A  further  estimate  of  the  mode 
activity  ovu"  a  particular  path  has  been  derived  from  standard  prediction  r.  'ogranmes.  such  as  the  1TS/0T 
programme  (Lucas  md  Hn;fdon,  1966)  which  utilise  models  of  average  ionospheric  cor'Hlo.s. 

Even  when  propagation  is  nominally  single  mod  mi,  localised  d.stu.-'.-ances  can  occur  in  the 
ionosphere  which  greatly  afreet  the  characteristics  uf  the  received  signal,  Itedura  scale  travelling 
aisturbanceo  (TIDs)  are  isxarples  a*1  auch  events.  These  can  distort  the  isoionic  ooidouri,  so  tnat,  both 
the  amplitude  and  phase  of  the  received  sl-nml  are  considerably  modified.  The  phase  and  amplitude  of  the 
signal  vaty  witn  time  as  the  T1D  moves  through  fhe  radio  wave  reflection  sons,  it  should  be  emphasised 
that,  the  extant  of  the  localised  disturbances  la  quite  variable  and  ranges  fro.-?  tore  of  meters  to  hundreds 
of  kilometers.  The  smaller  disturbances  often  produce  s  "roughness"  in  the  tanospl-a'e  n.,o  tru-  specular 
reflection  is  not.  achieved  uni",  these  conditions •  y.i i la  ''.raqumt.'y  a  cone  of  •  ..  . ..  'raw.*  .rxu  the 
transmitter  to  the  receiver  and  mutual  liite^ference  can  ocv-u.  ne  t  .eon  constituent,  rays  wlt..,.r  the  cone,  a 
condition  referred  to  as  'in  mods1  interference.  Etan  though  in"go  scale  sywavy  is  not  achieved,  the 
small  irregularities  car.  net  ns  a  phase  diffracting  acieon  and  so  produce  a  distribution  of  phase  and 
amplitude  svar  the  receiving  array  not  unliko  a  diffraction  pattern.  The  multiplicity  of  propagation 
conditions  complicates  the  study  of  the  wave  fronts  of  sly  wove  signals  .reasu.ed  on  the  large  array.  "’V* 
assist  the  interpretation  quiet  and  disturbed  conditions  are  treated  separately. 

L.1  Undisturbed  Conditi<".a 

tkt  no  ocoasi  'n  were  tho  phase  and  amplitude  of  the  akv  wave  signals  observed  to  oe  nc  constant, 
as  for  ground  wave  propagation.  A  typical  qu;ot  sjtuai. .  >n  is  shewn  in  Figure  6  for  the  ’.535  HHs 


transmission  from  Beromunoter,  Swl norland,  .path  length  S’?"1  knl,  At  Die  tine  of  the  observations  t.ie 
lonog-anA nmamlss’on  curve,  indicated  a  IK  'cde  with  the  possibility  of  ' Kg  j  reparation  If  ilia  F^  Inver 
was  present  In  the  region  of  Hr  reflation  point  ef  t'e  wave. 

During  the  period  shown,  approx  mateiy  3  win,  three  interference  events  occur  with  minima  at 
10. ^.1  \  13.55.20  and  1 3.57.10  GHT.  These  features  are  charaeterlsed  by  amplitude  changes  of  some  10-12 
dB  and  phaae  changes  of  approximately  75  dogrers.  Ttie  amplitude  mini  mure  occurs  at  the  time  of  the  most 
rapid  change  in  phase.  Tills  suggests  Interference  lot  wren  two  quaji-simiaoldnl  wave  components,  U.o 
arplttuds  of  one  le  tag  about  five  tinea  that  of  the  'Ui»r,  Tills  factor  Is  consistent  with  the  greater 
attenuation  suffered  by  a  i h  mode  during  its  ptioange  through  the  absorbing  3- region.  Between  Uie  rat.iar 
pronounced  minim,  the  wavefront  is  approximately  linear  across  the  array,  and  it  la  at  theae  tines  that 
opti nun  perfonaanco  could  be  expected  from  a  wide  aperture  array.  Ssvei-1  examples  of  this  typo  of 
behaviour  have  l-eon  observed. 

h.2  Disturbed  Conditions 

The  ionosphere  la  In  general  a  turbulent  mediun  and  It  is  therefore  expected  lliat  appreciable 
disturbances  of  phase  and  amp  1  tude  vill  arise  due  to  localised  turbulences  within  the  Fresnel  lone  of  Hie 
reflected  wave.  An  example  of  a  moderately  disturbed  period  is  reproduced  In  Figure  7.  Between  17.23.  V 
and  17. 2°. 15  OUT  there  is  a  gradual  ptiase  retardation  which  indicates  that  Uie  optical  [wvU:  langUi  between 
transmitter  and  receiver  is  increasing.  Fret  17. IN. '5  to  1 7.1'.?  '  OMT  Uie  phase  change  recovers  and  the 
l  base  advance  corresponds  to  a  decrease  'n  optical  path.  Tills  situation  arises  from  a  hulk  movement  of 
the  reflecting  region  such  ns  right  bo  produced  ‘\v  vertical  drift  of  U.o  j  leans .  Superimposed  on  to  the 
gradual  phase  change  are  a  ouithrr  of  Into  •fcrence  even! r.  With  a  quasi  jeciod  of  r.lvout  see.  During  the 
amplitude  n  Inina  of  th<  so  events  the  phase  exhibits  its  nos*  rapid  change  of  phaae.  Tills  suggests 
interference  lxitwen  too  or  more  components,  The  1  onogram  nnd  transmission  cu-vea  indicate  t tot  the 
propagation  is  single  modod  OF)  at  this  time,  't  would  appear  therefore  that  the  f1  sec  period  events 
.  -Iso  from  mutual  inte"farence  bptwaen  the  ordi  ary  arid  ext rnordina it  magneto-ionic  components.  It  seems 
unlikely  that  high  angle  rays  or  !1  modes  are  ai.fic.ently  strong  at  tnls  time  to  play  a  significant  role. 

A  more  '  irene  examj'le  of  short  period  interference  everts,  superimposed  on  gradual  changes  Is 
reproduced  in  Flgire  3,  Very  rapid  flue  mat  ions  in  phase  and  amplitude  are  evident  with  periods  of 
approx  irate  l,.  1  sec,  "Ills  corresponds  lo  rapid  changes  in  the  various  components  of  the  signal  such  as 
would  tv,  associated  with  non  specular  reflection  of  the  signal.  The  lor.ogrerta  for  this  pe  'lod  suggest 
that,  the  F  region  may  In,  breaking  up  during  the  onset  of  spread  F.  Mereov  ••*,  both  IF  and  IK  nodes  appear 
to  he  active  at  tb'a  tine.  IXicing  conditions  such  as  theso  considerab’o  oistortlons  in  the  Save  front  cf 
Uio  roce.vod  signals  can  be  expected. 

Spectiam  analys.s  .if  the  signal  indicates  the  existence  of  multiple  Pjppler  shifted  frequency 
components  which  again  prevldos  evidence  for  a ’non  spccu lar-np rend 1  type  of  reflection  mechanism. 

Similar  spread  of  the  frequency  spectrum  of  the  received  sigiels  for  spread  F  conditions  has  been  reported 
voneo  and  Spmokion,  1  >73 ). 

An  In'oresting  feature  cf  these  di.ttu chances  is  the  time  delays  between  tlieir  observation  on  Uie 
various  elements  of  the  a rrny  vsec  Ft gu re  and  Figure  7  for  examj'le).  in  Figure  c-  the  events  occur  first 
on  element.  1  and  progressively  later  on  each  element  up  to  Uie  7th,  Figure  i  -indicates  a  similar  t.ime 
progression,  l-ut  in  t*'U  case  the  Irregularities  are  first  noted  .in  element  and  sequent  tally'  later  down 
to  e loner t  1.  These  results  correspond  to  events  preps  gat  tng  f ron  West  to  Fast  and  ivt a t  to  lA>si 
respective!,'  .  Since  the  tine  delays  t'oiveer.  ebae-vat  ions  of  the  events  on  eac'i  of  the  various  antenna 
elements  are  k-'oim,  together  wit’',  the  spat ’nl  local  ion  of  the  elements,  the  apj'nrent  her  1  conin’,  velocity 
of  the  1  rrej'slarl t  ies  can  be  de t e mi  1  ned  h\  t r'anj.n lati on.  Only  Hirer  spaced  observing  locations  are 
necesanr  *o  obtain  the  vector  veloc'.'y.  7!ir  av> 1  labi  1 ! ty  of  7  locations  prevides  a  useful  crv>ss-c1ieck 
facility  and  enables  the  change  in  tlw  form  of  the  events  as  they  move  a,  res 5  the  array  to  be  investigated. 
The  speeds  end  d* reel  ions  calculated  for  some  of  the  d.sturhnnoes  shorn  it:  Figure  are  rej'twtiiced  in 
’‘able  2  '--lo''. 
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speeds  -cross  the  array  of  app  wxlna'oly  ?5  ’  meters  sec*  ate  const  tit  ant  with  other 
of  F-region  travel  l:n  i  rre.gula.a  ;  ios .  So  syateraat  !c  study  has  ,  ct  been  undertaken  of  Uie 
of  speeds  and  directions  but  man.'  events  app>  ar  to  move  t  ova  mis  U.o  South-East. 
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5.  carcnmojfc 

Ibis  study  has  examined  the  distribution  of  phase  and  amplitude  on  widely  spaced  elements  of  4 
large  antenna  array.  Measurements  for.  both  ground  wares  and  sky  waves  are  reported  and  these  shew 
completely  different  characteristics,  m  the  case  of  ground  wave  propagation,  it  Is  possible  to  measure 
the  curvature  of  toe  wavefront  and  hence  date  mine  the  transmitter's  location,  The  limitation  imposed  on 
toe  present  investigation  by  toe  wide  spacing  of  the  array  elements  and  the  resulting  ambiguity  in  the 
measurements  of  tot  wavefronts  is  recognised. 

the  principal  characteristic  of  the  sky  were  observations  is  the  interference  phenomena  which 
appear  to  be  present  to  sene  extent  at  all  times.  It  has  proved  difficult,  without  oblique  sounding 
facilities,  to  Judge  when  propagation  is  single  moded,  although  the  use  of  Sonograms  and  transmission 
curves  is  of  soms  help.  A  wide  range  of  interference  phenomena  are  reported  together  with  more  slowly 
varying  changes  associated  with  bul*  movements  of  the  lonoaplirwe.  All  but  the  most  rapid  interference 
features  exhibit  time  delays  as  they  propagate  across  the  array.  Thie  enables  their  horisofital  velocity 
to  be  determined  and  the  results  obtained  are  consistent  with  the  accepted  value  for  F-reglon  travelling 
irregularities. 

The  variability  in  the  periodicity  of  the  interference  effects  suggests  that  sc we  times  are 
more  suitable  for  optimum  operation  of  large  arrays  than  others.  Further  studies  are  being  undertaken  to 
relate  array  performance  with  ionospheric  conditions.  Hopefully  it  will  be  possible  >o  recognise  those 
conditions  wnen  optimum  performance  will  be  achieved. 
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DISCUSSION 


J.  Rdttger,  Ge 

Your  results  of  dnft  speed  and  direction  obtained  from  different  mangles  to  scatter  presumbaly  due  to  changes  >f 
the  pattern  drifting  through  the  antenna  array.  Have  you  applied  the  full  correlaiion  or  cross  spectrum  analysis  to 
compensate  at  least  partly  ror  changes  in  pattern? 

Author’s  Reply 

We  have  used  the  full  correlation  technique  for  some  examples  of  these  time  displaced  in  gulanties.  The  results 
shown  in  Table  2  are  however,  obtained  by  means  of  simple  trangulation  only.  There  are  problems  in  interpreting 
these  kind  of  data  when  more  than  one  travelling  wave  is  present  in  the  viewing  area  of  the  array  ai  iSte  same  time.  1 
know  of  no  way  of  resolving  the  ambiguities  which  can  occur  when  more  than  one  travelling  disturbance  occurs 
simultaneously  in  the  ionosphere. 


E.N.  Bramley,  UK 

I  suggest  that  care  is  needed  in  the  interpretation  of  the  dnft  speeds  and  directions  indicated  by  the  “similar  fades”: 
method  of  analysis  used.  In  the  case  of  a  simple  two-wave  interference  pattern  the  only  motion  that  can  be  detected 
is  m  a  direction  perpendicular  to  the  mean  direction  of  the  lines  cf  constant  amplitude,  and  may  therefore  not  give 
much  information  about  ionospheric  mou  ments. 

Author’s  Reply 

1  agree  with  this  comment.  When  there  are  two  or  more  propagation  waves  present  simultaneously  in  the  field  of 
view  it  is  virtually  impossible  to  separate  them  when  using  “full  correlation”  methods  The  only  method  that  occur-' 
to  me  is  the  one  of  a  large  “filled  in"  array  such  as  employed  by  Dr  Briggs  at  the  University  of  Adelaide,  Austria. 


E.D.R.  Shearman,  UK 

Cr  Jones  has  referred  to  'he  use  of  large  aperture  array  for  measuring  the  curvature  of  a  wavefront  foi  determination 
of  range,  he  has  referred  to  the  limitations  of  Founer  analysis  for  resolution  of  th  different  modes  before  measuring 
the  phase  gradients  of  individual  modes. 

At  the  University  of  Birmingham.  UK.  Mr  S.S  Ng  has  been  making  an  expc.inental  study  of  this  technique  and  lias 
shown  that  on  a  sample  of  occasions  it  is  possible  to  separate  modes  on  'he  basis  of  differential  Doppler  shift  and 
to  measure  wavefront  curvature,  work  to  establish  the  fraction  of  time  this  will  be  possible  is  proceeding.  Clearly 
it  will  fail  when  the  differential  Doppler  is  within  the  resolution  of  the  analysis  for  the  coherent  dwell  time  permitted 
b>  the  stationarity  of  (he  process. 

In  our  technique  we  use  a  calibration  oscillator  in  the  field  and  consider  that  th  s  shall  improve  on  the  accuracy  of 
phase  measurement  of  3°. 

Author's  Reply 

The  limitation  of  the  Fourier  analysis  is  associate.,  with  tne  number  of  sampling  points  and  the  duration  of  the 
sampie  available.  It  was  not  my  intention  to  .mply  that  FFT  techniques  will  not  work,  indeed  they  work  well  when 
only  frequency  information  is  required.  It  is  only  when  the  relative  phases  of  the  various  frequency  components  in 
the  spectrum  are  required  that  special  car*  •rust  be  taken,  otherwise  the  phase  relationships  are  destroyed. 

The  ereor  of  3°  of  phase  is  the  present  iim  tation  of  our  phase  detectors.  We  clearly  have  the  opportunity  to  better 
this  resolution  if  we  record  the  data  directly  and  process  it  later  on  our  mainframe  computers.  We  have  not  done 
this  as  yet  since  we  wish  to  keep  the  system  in  a  real-time  configuration  at  the  field  site  at  least  for  the  present. 

Mode  reduction  by  means  of  Dopp'cr  technique  has  been  demonstrated  on  several  occasions  (e.g.  Jones  &  Sprackler 
IEE  1978).  However,  !  suggest  that  there  are  ofier.  ionospheric  conditions  which  are  so  disturbed  that  the  resulting 
Doppler  speorum  snows  considerate  spread  and  morcovei  is  rapidly  changing,  with  time.  In  these  cases  mode 
separation  is  not  possible. 
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Summary 

A  unique  Sporadic  E  assessment  technique  has  been  developed  and  compared  with  a  quantit'  of  empirical 
data.  Sporadic  E  occurs  iu  patchy  clouds  at  an  elevation  of  approximately  100  kilometers  above  the  earth. 
It  has  significant  Impact  on  communications  circuits  because  cf  the  density  of  formation.  .c  can  enhance 
or  degrade  communications  on  a  given  circuit  depending  on  the  geometry  of  the  path  and  location  of  the 
Sporadic  E  clouds.  Th<»  uniqueness  of  the  technique  lies  in  the  treatment  of  the  scaling  of  the  available 
data  and  utilization  of  parametric  relations  developed  by  Dolukahanov  to  convert  from  the  relationships 
prlvided  by  the  World  Data  Center  to  the  operating  frequency  of  interest.-  The  technique  was  implemented 
on  electronic  computers  to  facilitate  computations  and  comparisons,  which  show  very  good  agreement  witn  the 
data  in  the  mid- latitudes.  Recommendations  sre  made  fjr  approaches  which  should  improve  the  accuracy  and 
reduce  computer  run-time. 


Introauction 

Crowding  of  the  electromagnetic  spectrum  is  a  spectre  haunting  all  of  us,  haunting  us  from  the  stand¬ 
point  of  no,  enough  frequencies  to  go  around.  Haunting  us  from  the  standpoint  of  interference  even  on 
assigned  frequencies.  One  of  the  most  popular  regions  of  the  spectrum  in  this  respect  is  that  supported 
by  ehe  ionosphere.  As  the  spectrum  has  become  increasingly  crowded,  vs  have  become  more  sophisticated  in 
our  hardware  and  in  our  definition  of  the  medium  through  which  we  propagate  our  electromagnetic  energies. 

We  now  examine  so-called  "anomalous"  propagation  mechanisms  in  detail  in  attempts  to  remove  them  from 
the  anamalous  category.  One  such  mechanism  is  Sporadic  E.  Many  of  our  learned  colleagues  have  examined 
this  phenomenon  in  some  detail.  What  is  presented  here  is  no  break-thrtugl.  in  the  state-of-the-art,  but 
rather  operational  application  of  their  worcs.  As  such,  it  is  hoped  that  successful  application  will  ta 
highlighted,  but  more  importantly,  that  unsuccessful  applications  will  highlight  the  need  for  further 
investigation  in  specific  areas  which  hold  promise  for  immediate  payoffs  in  terms  of  improved  communications. 
The  technique  employed  here  represents  a  slight  deviation  from  the  conventional  prediction  technique  and 
incorporates  suggestions  put  forward  by  our  Russian  Colleague,  Dolukhanov.-  Farid  Data  Isopleth  maps,  which 
depict  the  probability  of  the  Sporadic  E  layer  vertical  .ritical  frequency  being  equal  to  or  greater  than 
three  megahertz,  have  been  scaled  and  converted  to  Fourier  coef f icents  for  implementation  on  electronic 
computers.  This  technique  of  scaling  the  available  data  insures  a  smoothly  varying  continuous  function  of 
F{F0Eg  >  f}  down  to  f”0  whereas  others  have  used  scaling  techniques  where  P{F0EstS“l  for  several  values  of 
f>0.  This  resulted  in  Inflated  probabilities  at  several  values  of  f>0,  arising  from  scaling  conventions 
in  which  F0E  or  FBin  were  >-eported  as  FCES  when  no  Sporadic  E  existed,  thus  biasing  predicted  frequencies 
to  higher  values.  The  conventional  Secant  4  law  was  used  to  convert  the  desired  operating  frequencies  on 
the  communication  link  to  an  equivalent  vertical  frequency  at  the  point  of  reflection.  Extrapolation  to 
higher  and  lower  operating  frequencies,  given  the  probability  that  F0Eg  >.  3  megahertz,  was  accomplished 
through  use  of  relationships  borrowed  from  Dolukhanov  for  temperate  and  polar  regions.  Comparisons  of 
resultant  predictions  against  empirical  data  at  latitudes  of  approximately  30°  and  60°  North  latitudes  show 
promising  results,  however,  the  techni  ,ue  appears  to  be  confined  in  usefulness  to  mid-latitudes. 


General  Characteristics  of  Sporadic  E 

Sporadic  E  (Es)  is  one  of  a  number  of  heavily  ionized  layers  occurring  above  the  earth's  surface.  It 
derives  its  name  from  the  fact  that  the  scientific  community  has  so  far  been  unable  to  define  precisely  what 
physical  laws  govern  its  formation  and  from  the  Tact  that  it  occurs  at  approximately  the  same  elevation  (90 
to  120  km)  as  the  relatively  well  behaved  "regular”  E  layer. 

The  Es  layer  is  a  world-wide  phenomenon,  and  some  difficulty  has  been  enountered  in  categorizing  it 
because  of  its  differing  characteristics  with  geographical  location.  A  thorough  survey  for  the  neophyte  is 
contained  in  the  papet  by  Whitehead  {5l,  which  identifies  many  of  the  problems  encountered  to  that  time.  A 
few  general  observations  made  over  the  past  few  decades  are  presented  in  the  following  paragraphs. 

Ionospheric  propagation  is  usually  thought  to  be  confined  to  the  high-frequency  range  (3-30  MHz); 
however,  v^ry  strong  support  for  operationally  usable  periods  of  time  have  been  observed  for  frequencies  up 
to  100  MHz,  and  numerous  reporta  have  been  recorded  of  effects  to  150  13z.  The  problem  is  one  of  being  sble 
to  determine,  iu  aovance,  vher  the  Es  layer  will  be  enhancing  or  degrading  operational  performance  of  a 
given  link. 

The  occurrence  of  Es  sometimes  enhances  and  sometimes  degrades  cciimunication  s/stem  performance.  An 
example  of  enhancement  is  shown  in  Figure  1. 

Two  passes  through  the  highly  absorbent  D  region  are  avoided,  thus  increasing  the  signal  strength 
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arriving  at  the  receiver.  An  example  of  degradation  is  shown  in  Figure  2.  The  two  extra  passes  through  the 
D  layer  causes  a  resultant  decrease  in  the  signal  strength  arriving  at  the  communication  system  performance. 

The  Es  layer  has  sometimes  been  observed  to  be  opaque,  blanketing  the  upper  layers  as  observed  in  the 
S  type  propagation  mode,  sometimes  the  upper  layers  can  be  seen  through  the  Es  layer  suggesting  that  the 
electromagnetic  energy  is  penetrating  through  patchy  gaps.  The  Es  layer  is  commonly  referred  to  as 
consisting  of  clouds  of  electrons.  These  clouds  form  for  periods  of  minutes  to  hours  and  can  extend  from 
tens  to  hundreds  of  kolometers. 

A  band,  or  belt,  of  Es  approximately  1000  km  in  width  is  centered  on  the-  Magnetic  Equator  and  occurs 
during  local  daylight  hours,.  This  phenomenon,  referred  to  by  the  Australians  as  Magnetic  Equatorial  Sporadic 
E  (or  MEQtJES)  has  bery  little  sporadiclty  to  it  and  is  reasonably  predictable.  There  is  bery  little  discern- 
able  seasonal  variability. 

In  the  Auroral  zone  Es  mostiv  occurs  during  nightlme,  with  only  some  discarnable  seasonal  variability 
during  midday. 

The  least  world-wide  occurre.-ce  ot  Es  is  observed  a,.  the  middle  latitudes  and  is  characterized  by  both 
diurnal  and  seasonal  variability.  At  these  latitudes,  Es  occurs  most  frequently  in  local  summer  during 
daylight  hours. 


Prediction  Models 


Given  the  geographical  location  of  a  Transmitter  and  intended  Receiver,  path  parameter  geometry  is 
determined.  The  equiva  ent  vertical  frequency  is  determined  at  the  mid  path  reflection  point  using  the 
operating  frequency  and  the  Scant  <p  law. 


Having  determined  the  equivalent  vertical  frequency  it  is  next  determined  whether  the  c*"1  cical  frequency 
of  the  Es  layer  is  greater  than  or  equal  to  3  MHz. 

The  proo ability  that  the  vertical  critical  frequency  of  the  Es  layer  will  exceed  3  MHz  is  obtained  from 
values  scaled  off  maps  which  were  obtained  from  the  World  Data  Center  at  Boulder,  Colorado.  These  data  are 
for  March,  August,  September,  October,  and  November  of  1963  and  for  January,  February,  March,  April,  and  May 
of  1964.  These  data  ther 'fore  represent  low  solar  activity  periods 


The  scaled  data  were  utilized  to  develop  Fourier  coefficents  to  facilitate  electronic  .  .  lputer 
extraction  of  world  wide  values  of  probability  that  the  vertical  critical  frequency  of  the  Es  layer  will 
exceed  3  MHz.  The  mapping  technique  utilized  was  adopted  from  the  method  derived  by  Lucas  and  Harper  [4], 


For  each  month  specified  In  the  input,  a  set  of  25  X  29  +  29  +  2  Fourier  mapping  coefficients  is  used 
to  determine  P{F0ES  i  3  MHz).  The  genera]  form  of  this  numerical  s.,  os  the  Fourier  time  series: 

t  (l,6,t)=a0(A,6)+^Jaj  (A,0)cosj  t»bj  (A,0)sinjt]  > 

J=1 

where 

T  -  ?{F0ES  i  3  MHz 
A  =  Latitude  of  reflection  point 
t  =  Local  time 
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H  =  Harmonics  retained  to  represent  diurnal  variations.. 

The  Fourier  coefficents  dj  and  bj  ,  giving  the  latitude  and  longitude  variations  are  defined  as: 

f"Dsk  ^ 

E^o 

where  G^  (A, 6)  are  geographic  coordinate  functions  and  D..^  is  a  coefficient  dependent  upon  the  resultant 
statist.es  of  empirical  data.  Further  detail  may  be  obtained  from  COIR  Report  252-  2  of  the  ]4th  Plenary 
Assembly  held  in  Kyoto,  Japan  in  1978.  r 

Having  determined  the  probability  of  occurrence  FQES  >  3  MHz,  a  set  of  probability  of  occurrence 
versus  operating  frequency  paraii^tric  relationships  is  referenced.  These  relationships  were  developed 
from  recommendations  put  forth  by  Polukhanov.  His  technique  consists  of  two  families  of  curves  covering 
the  globe  in  the  temperate  (+45°  to  -45°)  and  the  polar  (9C°  to  45°,  S  i  S)  regions.  From  these  curves 
the  orobabilit,’  is  determined  of  whether  a.i  equivalent  vertical  operating  frequency  will  be  less  than  or 
equal  to  the  vertical  critical  frequency.  These  curves,  give”  in  terms  of  the  probability  that  Es-2000 
MilF  (Maximum  Usable  Frequency)  will  equal  or  exceed  the  critical  frequency  of  the  Es  layer,  were  normalized 
to  the  orobability  that  F^E .  will  equal  or  exceed  any  desired  operating  frequency.  These  curves  are  entered 
after  conversion  of  the  desfred  oblique  operating  freqi  ency  to  an  equivalent  vertical  frequence  via  the 
Scant  ♦  law. 

Having  determined  the  orobability  of  support  of  the  desired  operating  frequency  on  the  desired  path, 
the  relatively  simple  task  of  computing  transmission  losses  and  slgnal-to-noise  ratios  were  implemented 
using  techniques  which  have  been  well  documented  in  the  Lechnical  literature.; 


Empirical  Verification 
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The  Sporadic  E  prediction  technique  described  in  this  psper  has  been  implemented  in  the  computer  program 
MISSES.  Extensive  comparison*  have  been  made  of  predictions  from  this  program  against  empirical  data 
obtained  froa  hourlv  values  of  F0Btl  scaled  froa  C-3  and  C-4  Ionospheric  sounders.  Data  were  collected  froa. 

4  stations: 


Station  Name 

Lat_ 

Long 

Lat 

Long 

Years 

Narsaarasuaq ,  Greenland 

61.20 

314.60 

71.14 

17.72 

58,62.64,68 

Boulder,  Colorado 

40.00 

254.70 

48.89 

317.00 

63,64.68 

WSMR,  N.M. 

32.  30 

253.50 

41.14 

317.47 

58, 6’, 64, 68 

Huaoiavo,  Peru 

-12.00 

284.70 

-0.59 

354.30 

58,64,63 

Marssarsuaq  data  vete  obtained  froa  the  Ionosphere  Laboratory,  Technical  University  of  Denmark;  Boulder 
data  were  obtained  froa  the  National  Oceanic  and  Ataospherlc  Adainistrat ion,  U.S.  Department  of  Commerce; 
WSMR  (White  Sands  Missile  Range)  data  we-e  obtained  f  ;om  the  Atmospheric  Sciences  Laboratory,  US  Department 
of  tne  Army;  and  huancavo  data  were  obtained  from  the  lnstituo  Geofisico  Del  Peru,  Representative  examples 
of  graphical  comparisons  of  predictions  vs  empirical  data  aie  contained  in  Figures  3  through  8. 


Observations  and  Conclusions 

Better  agreement  has  been  reached,  on  the  average,  with  the  describee  te  hniquo  than  has  been  achieved 
with  any  other  known  technique.  The  sane  general  agreement  was  also  achieved  for  70®  and  90S  probabtlit jcs 
of  frequency  support  and  for  the  spring  and  fall  months  Largest  discrepancies  have  been  found  for  Huancavo, 
Peru  in  December  as  seen  in  Figure  8.  It  is  not  known  whether  the  predictions  will  have  the  same  utility 
during  per.ods  of  high  sunspot  activity  without  the  addition  of  data  for  these  periods. 
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DISCUSSION 


Dr.  I.  Keroub,  Israel 

( 1 )  Des  travaux  rf  cents  ont  montrf  qu’il  n’existe  pc-  de  correlation  Cvidente  entre  1'activite  solaire  et  ia  staiistique 
de  Fofcs  aux  latitudes  moyennes.  Auriez-vous  des  resultats  experimentaux  informant  ces  conclusions? 

(2)  Par  giissement  d’une  heure  sur  1’axe  des  temps,  sur  les  figures  7  et  8  (Huancayo)  de  votre  article,  on  obtient  une 
meilleure  conflation.  Ce  decalage  p-'raire  systfmatiqi'e  sous  suggere-t-il  une  hypothdse,  et  si  oui,  laquelle? 

Author's  Reply 

( 1 )  The  published  literature  is  not  clear  on  this.  Opinions  ha'  e  been  advanced  to  both  negate  and  support  the 
theory  of  dependence  on  solar  activity.  It  is  hoped  there  is  no  dependence,  for  this  would  simplify  the 
problem;  however,  examination  of  data  for  mid  and  high  solar  activity  years  wdl  have  to  be  performs  :<  before 
the  question  can  be  resolved. 

(2)  1  have  not  as  yet  considered  examining  a  possible  hypothesis  to  attempt  resolution  of  apparent  lack  of 
correlation.  First  an  examination  for  possibl"  computer  programming  errors  will  be  made.  Second  the  data 
will  be  examined  closely  to  ensure  valid  data  interpretation.  Should  these  two  efforts  fail,  a  suitable 
hypothesis  will  be  developed. 
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SCATTER  INJECTION/DUCTED  MODE  HF  RADAR 


by 

Gary  S  Sales 

Electromagnetic  Sciences  Division 
Rome  Air  Development  Center 
Hanseom  /.FB  MAO! 73 1 


1 .  INTRODUCTION 

In  order  to  provide  for  the  reliable  detection  of  missile  induced  ionospheric  perturbations  at  distances  of  8  to 
13  Mm,  an  extended  range  HF  radar  has  been  conceived  *hat  uses  Earth  detached  propagation  modes,  both  ducted  and 
chordal  to  minimize  the  losses  over  these  great  distances.  It  is  well  known  that  the  utilization  of  these  modes  requires  an 
injection  and  ejection  mechanism  since  these  modes  are  in  general  n  »t  available  to  a  ground  based  transmitter.  The 
successful  launching  of  these  Earth  detached  modes  has  depended  historically  on  naturally  occuning  elect/on  density 
gradients  in  the  ionosphere,  for  example  those  tha*  arc  present  near  the  day/night  terminator  Any  system  depending  on 
these  naturally  occurring  gradients  would  have  a  very  limited  capability.  The  main  purpose  of  this  work  was  to  study 
theoretically  the  effectiveness  of  artificially  generated  iiregulanties  to  facilitate  the  mjecticn/ejection  of  HF  signals  into 
ducted  modes. 


2,  THEORY 

2.1  It  was  observed  by  several  investigators  uunng  the  operation  of  the  powerful  ionosphinc  heating  system  at 
Platteville.  C'o  from  10?  1  to  1474  (Carroli.  i  C  et  ai  1 074.  Utlant  et  al.  l'574i  that  the  most  obvious  effect  of  the 
absorbed  radio  energy  was  the  generation  of  field  aligned  ionospheric  irregularities.  The  production  of  artificial  spread  F 
a  as  easily  observed  by  the  nearby  icnosonde  station  at  Erie,  Co  (Utlant  et  al  1974)  The  nominal  dimensions  of  be 
irregularity  region  was  given  as  100  kilometers  in  diameter  and  20  kilometers  in  height. 

Given  this  volume  of  irregularities  the  decision  was  made  to  treat  the  1IF  scattering  probl-in  using  the  "specular” 
scattering  theory  of  Booker  ( I  d.Sb)  and  then  ra;  tracing  through  a  realistic  model  of  the  local  ionosphere.  This 
irregularity  region  was  assumed  to  be  imbedded  m  the  kval  ionized  medium,  specified  using  the  1TS-78  model 
(Barghausen,  l%q)  at  an  altitude  which  would  be  optimum  for  ionospheric  ducting  The  particular  choice  for  this 
altituuc  will  be  discussed  later  when  the  global  model  of  ducted  propagation  ;s  considered.  At  Hus  point  the 
computations  were  earned  oui  for  a  set  of  altitudes,  times  of  day.  season  and  frequency.  In  older  to  determine  how  this 
scattering  process  affect  the  location  of  a  ground  station,  near  horizontal  rays  (0  and  i  5  degrees  were  launched  at  the 
nominal  altitude  of  the  irregulanty  region  with  various  initial  azimuths  relative  to  magnetic  north  at  Plattex  die.  Co  After 
computing  the  configuration  of  the  scaitenng  cone  (Figure  1 ).  the  rays  making  up  the  core  at  a  given  frequency .  azimuth 
and  altitude  were  then  traced  tnrough  the  intervening  ionosphere  to  the  ground.  Figure  2  shows  the  locus  of  the 
intersection  of  the  cone  with  the  ground  after  ray  tracing.  Altitudes  of  1 70  and  200  kilometers  and  noon  and  midnight 
are  shown  for  the  summer  period.  Assuming  field  aligned  irregularities,  there  will  be  symmetry  lor  azimuths  on  either 
side  of  the  magnetic  field  direction  and  therefor  the  calculating  were  carried  out  only  for  azimuths  of  0  to  180  degrees 
in  45  degree  steps.  There  is  a  clear  progression  towards  the  south  (magnetic)  as  the  azirunb  decreases  from  '80  degrees 
towards  0  degrees.  Hie  ground  intersection  of  the  viatlenng  core  vanes  very  little  with  frequency  when  compared  to  the 
azimuthal  variation. 

The  locus  of  the  intersection  of  scattering  cone  with  the  ground  indicates  the  i  ptiinum  po.it  ion  for  the  reception  or 
transmission  of  ionospherically  ducting  radio  signals  the  indicated  frequency  and  azimuth,  l  he  azimuth  of  the  dueled 
signal  can  he  varied  by  moving  either  the  receivei/transmitter  to  the  ground  location  for  the  desired  azimuth  or  moving 
the  irregulanty  region  and  allowing  the  ground  b  isc.l  system  to  remain  fixed.  1  he  loci  are  computed  on  the  basis  of  a 
single  seatlerer  located  at  the  center  of  the  heated  region  Given  die  spatial  extent  of  these  irregularities,  the  ground 
intersection  will  assume  a  natural  width  that  lessens  tlv  requirement  for  precise  location  The  closeness  of  the  frequency 
evintours  indicates  that  over  the  band  1 2-30  MHz  satisfactory  reception  for  a  green  az  muth  can  be  accomplished  from  a 
single  site. 

For  the  global  ducted  propagation  'alculation  a  nominal  distance  of  10,000  kilometers  was  selected  and  extensive 
three  dimensional  ray  tracing  performed  usin®  a  realistic  ionospheric  model  which  incorporates  an  K,  F1  ano  F 2-laycr 
in  daytime  and  only  an  F-layer  at  night  with  a  realistic  transition  model  between  day  and  night.  Most  o!  t**e»e 
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calculations  used  an  elevated  source  at  various  altitudes  in  the  ionosphere  to  simulate  scatter  injection  using  the 
irregularity  region.  At  the  injection  point  the  rays  were  I  lunched  horizontally  using  several  radio  frequencies  and  at 
different  times  of  day.  Figure  3  shows  an  example  of  a  single  ray  launched  at  an  altitude  of  1 30  km  near  local  noon  time. 
This  ray  is  trapped  between  the  E  and  FI -layers  until  sunset  when  the  .ay  becomes  a  chordal  .node  on  the  bottom  side  of 
the  nighttime  Fdayer  until  it  reaches  the  sunrise  transition  when  it  becomes  ducted  between  the  FI  and  F 2-layer  at  an 
altitude  of  180  km. 

rhis  particular  ray  is  only  shown  as  an  example  of  the  type  of  ducted  modes  that  can  occur  and  no  consideration 
was  given  for  this  case  to  absorption  effects  along  the  path.  Both  absorption  and  spreading  losses  must  be  considered  for 
a  realistic  assessment  of  these  propagation  modes.  The  absorption  losses  are  very  sensitive  to  the  model  chosen  for  the 
FI-layer.  In  general  the  published  results.  (Gurev.ch,  1973  and  Matyugm,  1975)  u»e  a  weak  FI-layer  resulting  in  a 
relatively  deep  ionization  valley  between  F2  and  L -layer.  Under  these  conditions  ducted  propagation  is  easy  in  terms  of 
the  ability  to  trap  HF  signals  tor  long  distances.  However,  with  more  realistic  models  of  the  FI -layer  the  situation 
changes  drastically,  in  general  a  valley  in  electron  dens'ty  is  not  a  necessary  condition  for  ducting  to  ex.st,  but  a 
minimum  in  the  potential  function  defined  by  Gurevich  ( 1971 )  as 


N(Z)  is  the  electron  density 
w  is  2*r  x  operating  frequency 
R*  is  the  radius  of  the  Earth 
k  is  a  constant 

In  Figure  4a  an  isometric  graph  of  electron  density  vs  altitude  and  range  is  shown  with  a  typical  FI -layer  present  in 
the  daytime  region  of  the  path.  Although  there  is  no  minimum  in  electron  density  between  the  Fl  and  F2-laycrs, 

Figure  4b  shows  a  small  minimum  in  the  potential  function  in  this  region,  sufficient  to  trap  HF  radio  waves. 

Wnen  absorption  losses  are  taken  into  account  the  deviative  loss  for  the  Fl-b  duct  exceeds  60  dB  for  a  path  of 
10,000  km  making  such  a  duct  of  little  use  in  propagating  to  such  distances.  However,  for  the  F1-F2  duct  these  losses 
are  below  5  dB  for  the  same  path.  In  Figure  5,  the  losses  have  been  calculated  for  elevated  sources  at  the  indicated 
altitudes.  For  local  noon  at  the  injection  point,  tht  losses  for  ground  hop  signals  to  a  distance  of  10,000  km  varies 
between  100  and  20  dB,  depending  on  the  initial  altitudes.  This  must  be  compared  to  the  indicated  absorption  for  the 
ducted  modes,  between  1 5  and  1 9  MHz,  where  the  losses  were  less  than  5  dB.  For  the  particular  model  chosen  all  of  the 
ducted  modes  originated  when  the  source  v.  s  located  at  1 70  km  altitude.  The  absorption  calculated  in  Figure  5  are 
for  non-deviative  and  deviative  losses  bu.  do  not  inclu  Je  spreading  losses. 

A  simple  model  was  constructed  for  the  analysis  ol  azimuthal  spreading.  Using  a  spherical  Earth  model  and  a 
uniform  duct  of  height  H  (see  Figure  6)  the  cross  sectional  area  A  of  the  duct  is 

A  =  R.<)H  sin  (D/Re) 

where  Re  is  the  radius  of  the  Earth. 

0  is  the  angular  width  of  tne  duct, 

D  is  the  distance  from  the  injection  point. 

This  analysis  was  then  combined  with  a  mirror  type  calculation  assuming  concentric  spherical  mirrors  separated 
by  both  30  and  300  km  (Figure  7).  Multiple  rays  were  then  launched,  simulating  for  the  H  =  30  km  guide  a  ducted  mode 
where  the  launch  angle  varied  between  85  and  89  degrees.  For  H  =  300  km.  a  ground  based  antenna  was  modeled  and 
launch  angles,  measured  from  vertical,  of  70  to  85  degrees  was  used.  The  general  character  of  these  curves  are  the  same 
showing  antipodal  and  round  the  world  focusing  and  R':  dependence  for  I)  <  10,000  km.  The  major  difference  between 
the  two  cases  is  the  number  of  modes  at  a  given  distance.  Using  the  mirror  model  it  is  possible  to  count  the  number  of 
modes  available  at  any  selected  distance. 

At  a  distance  of  10  000  km  and  H  -  the  number  of  mod.*s  is  10  and  increases  to  18  at  20,000  km  compared  to 
4  and  7  for  the  same  two  distances  whe-  U  =  300  km.  The  small  number  of  modes  lor  the  D  —  300  kir  ca«f  is 
consistent  with  observations  of  F-rcgion  propagation..  The  large  number  of  modes  for  ducted  propagation  (H  =  30  km) 
indicates  an  expected  complex  structure  to  these  ducted  signals. 

To  summarize  the  theoretical  work,  the  existence  of  ducted  modes  has  been  shown  to  be  plausible  on  the  basis  of 
ray  tracing  and  potential  v  eil  calculations.  In  the  daytime  it  is  the  region  between  Fl  and  F2  layers  that  is  the  most 
likely  ducting  regie n  though  the  d  act  is  small  at  best.  At  night  these  rr>des  very  easily  detach  themselves  and  become 
chotdal  until  they  reach  the  daytime  hemisphere  again.  Under  optimum  conditions,  the  absorption  losses  can  be  kept 
very  small,  often  under  5  dB  for  a  .0,000  km  path. 
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LONGITUDE 


g.2  Projection  on  the  ground  of  scatter  cone  after  ionospheric  refraction  with  heated  Plattcville 
region  at  1 70  km  altitude.  Frequencies  are  1 5  MHz  and  30  MHz,  ami  the  numbers  on  the  right 
of  the  curves  are  the  azimuths  oi  ducted  propagation 
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Fig. 3  Simulation  of  long  range  ducted 
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DISCUSSION 


H.  Poeverlein,  Ge 

You  had  in  mind  communication  between  ground  and  an  object  in  the  duct.  Did  you  also  think  of 
ground-to-ground  communication  by  means  of  a  natural  way  of  feeding  in  or  out  at  one  end  of  the  duct? 

Author’s  Reply 

We  recognize  the  pc  sibilny  of  the  use  of  naturally  occurring  ionospheric  gradients  as  a  means  of  ducted  mode 
coupling,  and  in  fact  are  using  this  technique  presently  to  inject  energy  into  ducted  modes,  which  is  subsequently 
rejected  by  means  of  a  heater/modifier.  The  use  of  this  technique  in  a  practical  communications  system  seems  to  be 
limited  bv  the  availability  of  suitable  gradients. 


L  D.K.  Shearman,  UK 

The  proposal  is  put  forward  that  this  injection  scheme  be  used  for  HF  radar.  In  this  case  one  would  wish  to  use  a 
r.anow  beam  to  determine  the  azimuth  of  the  target,  but  the  conical  scattering  property  cl  the  field-aligned 
irregularities  will  spread  the  radiated  energy  over  a  section  depe  iding  on  th.  ability  to  launch  ducted  modes.  Will 
tms  not  considerably  degrade  the  azimuthal  resolution  of  the  radar? 

Author’s  Reply 

It  is  quit;  true  that  a  radar  of  this  kind  would  have  poor  azimuthal  resolution,  although  the  “beam”  .an  be  steered 
to  some  degree  by  varying  heating  altitude  and  steering  the  heater  beam  with  respect  to  tne  zenith.  Good  azimuthal 
target  estimates  could  conceivably  be  obtained  by  trianguiation  using  two  ducted  mode  radcs,  widely  spaced. 


Comment  by  N.C.  Gerson,  US 

It  should  be  noted  that  pairs  of  natural  refractivity  discontinuities  in  the  ionosphere  exists;these  can  be  used  to 
inject  an  riF  ray,  into,  and  eject  it  out  of  the  ionospheric  duct.  These  pairs  are  (a)  the  sunrise-sunset  zone,  (b)  the 
two  auroral  zones  and  (c)  the  high  electron  density  regions  1 5°  (alpra)  of  the  magnetic  equator,  Experiments  have 
been  made  at  HF  in  all  three  cases,  attempting  to  inject  and  eject  HF.  In  all  ’hree  cases,  low  loss  propagation, 
suggestive  of  a  low  less  channel,  was  found.  For  the  antipodal  t>  pe  of  propagation  the  predominant  path  was 
through  the  dark  ionosphere,  with  paths  spread  through  90°  around  the  sub-solar  nadir  point.  It  might  b<  noted  that 
the  antipodal  (■',),  round  the  world  (S)  and  ci'cumferential  paths  have  already  been  investigated  and  :n  all  case-, 
relatively  low  path  losses  were  encountered. 

Author’s  Comment 

These  natural  ionospheric  discontinuities  are  certainly  eff.  ;tive  ;r  ducted  mode  coupling  but  cannot  be  relied  upon 
in  the  application  envisaged,  due  to  the  spatial  and  temporal  limitations  involved.  The  antipodal  and  RTW  focussing 
are  indicated  in  Figure  7, 


E.R.  Schmerling,  US 

Have  you  computed  the  losses  in  the  vicinity  of  the  injection  region  resulting  from  the  non-linear  processes  that 
produce  enhanced  collisions  as  a  result  of  the  heater  transmitter?  fhese  should,  presumably,  be  added  to  your  path 
loss  computations. 

Author’s  Reply 

Losses  of  this  kind,  who  nature  is  not  well  understood  and  which  are  therefore  difficult  to  estimate  have  not  been 
taken  into  account  explicitly.  Rather,  they  will  be  included  in  effective  scatter  crcss-section  measurements, 
currently  being  made  at  HF,  using  leater-induced  scatter 

C.S.  Goute!  .rd,  Fr 

Deux  pareinfetres  importants  interviennent  dans  les  problcrnes  de  detection:  La  localisation  de  1’engin  dans  l’espace 
dont  ont  parle  les  precedents  interlocuteurs  et  la  mesure  de  la  vitesse  radiale  qui  se  >ait  par  l’etude  du  spectre 
doppler. 

Dans  les  modes  oieg-s  lors  des  transitions  jour  nuit  que  nous  observons  depuis  15  ans,  nous  constatons,  meme  sur  de 
tres  grandes  distances  10.000  a  15  000  kms,  une  bonne  coheranoe  de  1’effet  doppler.  Dans  le  cas  de  piege-’ge  par 
cnauffage  de  l’ionosphere,  outre  l’effet  des  modes  multiples  que  vous  signalez,  le  fait  que  les  rayons  traversent  ur.e 
zone  perturbee  devrait  entrain::  un  etalement  du  spectre  doppler.  Au  cours  des  mesures  que  vous  avez  faites  ou  des 
simulations  avez-vous  pu  6tud'..;  ce  phenomene  et  dans  ce  c„s  pouvez-vous  nous  communiquer  vos  conclusions? 
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Author's  Reply 

The  Doppiet  broadening  of  the  heater-scaiiered  sig^1  is  of  the  order  of  a  few  Hem.  as  reported  in  the  literature  a 
few  years  ago.  This  certainly  limits  the  precision  with  which  the  radial  component  of  low  velocity  ^rgeii  can  be 
measuicd,  but  would  not  be  a  major  limitation  for  high  velocity  targets. 
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SUMMARY 

The  installation  of  two  ionoaumle*  it  SAL  (Capo  Verde,  islands)  and  at  Astension  Island  (conju¬ 
gate  point  to  SAt.)  as  well  as  throe  polarioeter*  it  SAC,  DAKAR  and  BATHURST  (Gambia)  in  additivin  to  the 
permanent  lonoaonde  in  DAKAR  has  made  it  possible  to  detect  various  ionospheric  otfects  oi  the  eclipse 


The  pas-age  of  the  onttra  eclipse  at  a  nq  -raonic  speed  seems  to  have  produced  a  gravity  wave 
front  due  to  the  cooling.  The  simultaneous  foF?  snd  total  electron  ,-ortent  minima  determine  the  initial 
time  for  the  passage  of  a  gravity-wave-l ike  wake  with  a  velocity  mound  25 0  ms'1  and  whose  fundamental 
period  is  I"  tnn. 

The  ionospheric  electric  field  perturbation  has  been  studied..  These  are  due  to  the  ionisation 
toss  in  the  K  region  dynamo  in  a  cylindrical  region  of  WO  kai  radius.  As  a  result  of  the  upper  K  region 
effect,  a  DO  km  lifting  takes  place  from  10  :  25  to  10  :  40  UT  followed  by  a  down-going  transput!  from 
10  t  45  to  II  :  00  |IT  without  any  ionisation  loss  at  these  levels. 

A  thermospheric  contraction  flux  appearing  20  mn  after  the  eclipse  maximum  as  well  as  a  forced 
thermal  diffusion  flux  were  slso  noted. 

The  above  mentioned  results  have  been  essential  'or  interpreting  the  more  complex  variations 
ebxptvcd  at  the  subtropical  stations  of  OUAGADOUGOU  and  IBADAN  an  at  the  equatorial  station  ot  SAKil. 


1  *  introduction 

tl  s'aglf  essentie  1  lemrnt  tl’obsert  -,t  •'  ons  ionoi  nlt-riques ,  nyant  pour  hut  l'»tude  des  perturba¬ 
tions  tie  la  region  F  tropiialc,  w'unt  part,  «t  d'autre  part,  dc  I’Atudv  des  unties  de  gr.ivl  t  c  do  muyenne 
Aol.clle  engend-Aes  pai  l'eclipse.- 

I.’ del  ipse  a  eu  lieu  au  solstice  de  .loin  on  pAciodt  de  faihle  SitivitA  solaive.  Dans  ces  condi¬ 
tions,  le  vent  neutre  'hermoephArique  impose  rAgulieremrnt  au  conn  de  la  matinee  line  totte  diasyroot no 
de  I'ionisatiou  dt  la  rf'Ri on  F  eu  foncti.u  de  la  latitude,  ei.tre  le  tiopique  Nord  (faihle  maximum  relatif) 
et  le  ct'opiqtie  Sud  (maximum  intense). 

1  -  Dans  as  phase  matinale,  I 'gel  ipse  attoint  s.i  totalite  .tans  1  *  t  onosplu''  -e  du  Cap  Vert,.:  C’esl 
dan*  te  meriJien  magnAtique  eerrespoiidaut  que  le  eontraste  de  photo-ionisat  ion  d,fh-lip*e  le  plus  intense 
aora  observable,  -ncie  ret.  archipel  an  ttopiqur  Noid  (lie  do  Sal,  .’1°  Ouest,  17°  Nord  gAogt  aphlqtie « 
Arehipcl  du  Cap  Vert),  magnitude  d'ohsenrat ion  1,07)  et  le  tiopique  Sud  (lie  Ascension,  14°  Ouest,  S*  Sud, 
magnitude  0,15),  Ce*  deux  points  sunt  magnet  iqueimi  t  eoniugtiOv,  eompie  tenn  de  la  position  de  1'Aqiiaiour 
roagnAtique  A  cetto  longitude. 

Cette  colli  iguratt  u  except  i  unite  lie  permet  d'lsoler  I'el’fet  de  diffusion  t ran* Aqua tot iale  tl'ioni* 
sation  dfi  au  gradient  chermique  dans  la  region  F.’  intert ropicalo  toluut  fage  des  photo-electrons) .  let  <  f- 
fet  n'appa  aTt  que  sous  form.-  transiloitv  en  temps  normal,  hien  qu'il  inlervietmr  ptobablcmeut  on  priitia- 
nenee . 

foil!  cette  c  xperi  en,  r ,  uu  rondeur  l.NR-'.f  15-ln  a  ctc>  iostalle  3  I'llc  Ascension  et  mi  sondeur 
COSSOR  3  I’lle  de  Sal  (Archipel  du  Cap  Vert). 

2  -  Ixa  perturbation®  A  moyenne  et  petite  Ache  1 1c  out  et.'  AtiuiiAes  3  partir  d'un  syslAme  dc 
stations  ionnaphAriquea  compri  .ant  deux  polarimAt  res  recevant  les  siguaux  3  I  to  Mllr  du  satellite 
Intelsat  11  K.l  situA*  3  Dakar  (Senegal)  et  Bathurst  (Gamble)  et  deux  sondeur*  lonosphAriques  verttcaux 
situAs  A  Dakar  et  Sai  (flea  uu  Cap  Vert),  flus  prAs  du  sol.  les  off,  s  de  1’Aelipse  out  At'  mrsulAs  par 
deux  mletoharographe*  ,-lacAfl  l'un  3  Sal  I'autre  3  Dakar.- 

3  -  Outre  Dakar,  les  stations  ionosphAriqttea  alricaines  gf-rAes  par  le  CNET  (Ouagadougou, 

Haute  Volta  J  Sahr,  Tchad  ;  Djibouti)  otfectucut  des  ohservations  systAmat iques  renforcAes,  recommartdAex 
par  les  normes  interitatiomles  pendant  les  Aclipses, 

l.a  rAalisrtion  pratique  do  ces  diftArentes  experience*  a  AlA  lane  par  le  Otoupe  de  Recherche* 
lonospheciques  et  le  dAp«rteinent  Mrnures  lonosphAriques  et  Radioetect riques  du  CNI.T  qui  a,  per  aitleurs, 
obtenu  le  xoncours  des  autotitAs  bri  tanniques  pour  les  ir.Vis  1 1st  i  w*  ue  I'll*  Ascension  el  dc*  autoritfs 
poitugaises  (Service  dex  Transmission*  et  Service  de  la  MAtAnrologie)  pour  lc«  installations  dan*  les  lies 
till  Cap  Vert.-  Fnfiu,  l’OniversitA  tin  Pays  ds  (Miles,  panic  ’  tenant e  en  ce  qui  ooncerne  les  nudes  de  gra- 
vitA,  a  partleipA  3  ee*  expC.ieneex  on  fo.,rni*«ant  le*  polaiimAtres  et  en  s'oeeuoanl  de  la  station  de 
Bsthutst . 


It  -  ONDE  US  GRAVITE  DUB  All  RKFROIDISSEMKNf 

II  a  St#  possible  de  aettro  en  Svidencc  une  opur  de  gidvile  ,'.i  ufrii'd'*  13  minutes  (*  3  min) 

sysnt  une  vitesse  voisine  de  750  m/s  (*  30  »'*)  et  une  longueur  d'onde  horirontale  de  800  kt"-  p'nutre 

part,  le  depouillement  du  ..tic  robcrogeaphe  de  Dakar  oor.tte  #gale»»it  une  onde  de  pSrimj  20  minutes  environ, 
c«  qui  aerait  da  meat'  ordro  de  grandeur  que  celi«  rae*u’,»  au  niveau  i  >no*ph#rique.:  Pans  cea  conditions,  il 

est  possible  de  suggSier  qu’on  a  affaire  4  une  onde  du  type  de  lamb  eotipte  tenu  de  la  vitesse  de  phase  me- 

surSc.  H  maintenant  on  tient  compte  de  la  gSomftrie  du  eystSw  Sclipse  -stations  d*  sondages  (4  stations 
DAKAR,  ABUKf .  OUAGADOUGOU,  TAE*ANRASSKT) ,  on  montre  que  dans  tous  lea  eas  1 'angle  em  re  la  viteaae  de  pi.oa- 
f  <t! on  de  I'ettdc  et  la  vitesse  de  propagation  de  l'Sclipse  est  de  60'..  On  en  dSduit  que  la  Vitesse  e  p  »- 
tt  vaut  la  aailtiS  de  la  vitesse  tie  l'Sclipse. 

Le  passage  de  Is  totslitS  de  l'Sclin  i  4  vitesse  suporsoinque  produtt  done  un  front  d’onde  de 
grsvit#  qui  montre  Is  bonne  coherence  obtenue  entre  les  rSsultsts  expSrimentaux  et  les  resultats  th#ori- 
ques  de  CHIMONAS  (1973).  En  psrticu’ier,  si  les  r#sultats  concernant  1«  phase,  la  vi tense  et  la  p#riode 
sent  psrfaitenent  coherent*  svec  Is  th#orie  de  Chimonss,  il  n'en  est  pas  de  mem.'  pour  1'amplitude  de 
1 ' onde  (BERllN,  HUGHES  et  KERSLEY,  1977). 


Ill  -  REPONSE  DE  U  REGION  F2  TROPICALS  A  I'ECLIPSE  SQUIRE  DU  ?‘.)  JUIN  19?) 

L'#volution  de  foF2,  lors  de  l'iclipse,  ressemble  ue  faqon  aurprenante  A  celle  des  28  et  29 
Juin  (jours  de  control#)  ;  la  compensation  par  plueieurs  mfcanisraes  semble  avoir  troubl#  lei  differenrs 
processus  physiques  en  Evolution. 

Une  ftude  plus  approfondie  dee  donn#es  dtaponibles  de  N  (h)  en  function  de  temps  et  leur  dis¬ 
tribution  spstiale  permet  de  distinguer  pli  sieurt  phases  . 

Le  tsbleru  I  rfttume  ces  phases  : 

-  ousqu'4  12.00  TU,  on  observe  le  jour  dc  I ‘eclipse  une  augmentation  de  1 ' ionisation  compara- 
ble  4  cells  de  la  pdriode  de  controle, 

-  De  12.00  4  12.15,  une  phase  oil  ('ionisation  s'aeeroit  rspidement  avec  une  chute  seisiole 
dc  hauteur  aux  2  t.opiques  (alors  que  hmF;  reste  constante  les  jou.s  de  controle), 

-  Enfin  de  12,  15  4  12.45,  le  tropique  Nord  #tsergeant  de  l'ombre  de  I'dtlipse  reqoit  u  le 
quantity  iaportante  d' ionisation  (qui  no  peut  provenir  que  dea  niveaux  supdrieurs  dc  F2  puieque  la 
couche  F2  inf#rieurc  a  et#  vidfe  ot  contracttfe  par  l 'eclipse).  l.a  region  F2  au  and  4  Ascension  a  #.»■ 
vid#c  de  fsqon  intensive,  et  e'est  ce  phenomi'ne  qui  nous  semble  le  plus  signi  f  iea,  i  f  .■ 

Lor.  effets  du  pic  f2  parti<-ulicr  4  I'delipse  furent  retard#  de  plus  de  bO  minutes  le 
30  Juin  1973  par  2  a#ranismeg,  d’ abort! ,  le  i#gulier  "creux  tropical  d'et#"  qui  vide  l'ionisation  de  17 
au  dessua  du  Cap  Vert  et  de  Dakar  jusqu'A  10.30  TU  ;  deuxidmement ,  la  perturbation  magnftique  globale 
qui  ampeche  le  proceasus  de  fontainc,  laissant  u>  dome  d'ionisatior.  au  Gessus  de  l'#quateur  magnetiqui, 
minimisant  ainsi  les  gradients  habituels  d'ionisation  ;ux  niveaux  superieors  de  la  couche  F2  subtropi- 
ca'le  i  dans  le  tableau  I,  seule  l'augmcrtation  rapid#  de  ta  denaite  du  pic  F2  de  12. 'XI  4  12. IS  pent  eti  • 
attribu##  clairemrnt  4  un  sursaut  du  mecanisme  do  f.,ntaine  (Dunford,  1970)  alors  qu'elle  atteint  1.  s 
rones  tropicales  simultan#ment . 

11  semble  vraisemblable  qu'4  12.  IS  TU  l'ionisation  a  ote  auf  f  isam-ient  entrain##  par  le  pro¬ 
cessus  de  fontaine  de  l'#quateur  magn#lique  vers  les  rones  tropicales  N  et  s  e.i  provoquant  des  gradients 
d'ionisation  subtropical#  4  des  niveaux  sup#rieurs.  La  configuration  assvm#trique  dc  l'ionisation  des 
zones  t'-'picales  N  et  S  devient  propice  4  un  eeliauffewent  assvmftr* que  conjugu#  par  photoelectrons,  spe- 
cialettent  ceux  du  Sod  :  par  consequent,  la  region  N  dmc.ge  juste  de  l'ombre  de  l'#etipse,  commence  4 
accumuler  l'ionisation  au  niveau  du  pic  F2  au  moyen  de  diffusion  thermique  alors  que  le  tropique  Sud  est 
iutens#aent  vid#  (VILA,  1971). 

C'est  un  flux  transequatorial  d '  ii>ni  sation  de  la  rone  S  non  #rlipsee  vers  le  tropique  N  proo#- 
denment  #olipse  qui  semble  otre  la  meilleurc  explication  de  re  .hangement  rapide  d'ionisation  dans  les 
deux  tropiques.  A  cause  de  ceite  succession  compliqu#e  ,'e  perturbations  qni  l  a  pv#c#,te  »t  aucune  orbite 
dr  satellite  Isis  n'cntrecoupaut  la  region  do  I '  «V  *  ipse ,  not  re  interpretation  a  besoin  d'etre  confirm## 
par  une  analyse  plus  complete. 

Toutes  les  donn#es  disponibles  conceruant  le  oontenu  total  d'eleotrons,  le  champ  geomagnet iqoe 
les  EltV  solairer  et  la  speotro»#trie  de  rayons  X  ty  cotipris  la  -iuronnt-3 ,  la  composition  ionique,  le  flux 
photoflectronique  et  la  temperature  des  diff#rents  eo.aposants  permettront  de  fair#  des  simulations  r#alis- 
tes  dc  variation  dans  ’o  temps. 


IV  -  PERTURBATION  DE  CHAMP  El.ECTRIQUE 

Cette  perturbation  est  due  4  la  porte  d'ionisation  dans  la  r#gion  E  dvnamo  t 100  km  d’a'titnde' 
sur  un  espac#  oylitslriqur  d'etiviron  500  ko  de  ravot. 

L’efi'ct  sur  la  r#gion  ?  superit  ■  r  est  un  transport  ascendant  sur  80  '.in  de  ,Oh25  4  10h40  TU, 
puis  descendant  da  4  I  lhOO  TU,  sans  perte  d* ionisat  i m  4  ces  niveaux 

Les  deux  'ffets  de  perturbation  rapides  qui  pr#c#d.nt  n'avaient  jamais  #te  mis  en  #videnee,  et 
les  donn#es  de  SAL  ent  #t#  indispensable*  4  leur  oosrr-s, l on  tv'IlA,  BLANC  »t  BFRT1N,  1*>76). 


V  ■  FLUX  DE  CONTRACTION  THERMOSPHERIQUE 
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Vingt  minutes  aprds  le  maximum  de  I'Sclipse  un  accroissement  progretsif  d'ionisation  du  haut 
vers  le  bas  des  couches  FI  et  F'  manifesto  un  transport  d'ionisation  du  A  la  contraction  atraosphirique 
de  I'enaemble  encore  refroidi  par  l'Fclipse  (VILA,  BLANC  et  BERilN.  1976). 

Ce  phdnorafue  de  Vitesse  lente  (vc  «  50  ms  *)  se  poursuit  jusqu'S  environ  12.30  TU.  II  produit 
dans  la  region  F  supfrieure  au  dessus  de  SAL  un  gradient  d'ionisation  interne  veis  lo  Sud  le  long  des  li- 
gnes  de  force  du  dessus  magndtique  (figure  I). 


VI  -  FLUX  DE  DIFFUSION  THERMIQUE  FORCEE 


Le  gradient  de  densite  dlectrouique  prdeddent  subit  le  chauffage  des  pho  oflectrons  £mis  dans 
I'ionosphAre  conjugude  non  dclipsde.  La  therm..lisation  de  ces  plioto-Me  trons  crd6  ui  gradient  de  tempera¬ 
ture  dlectronique  le  long  de  la  ligne  de  force  magndtique,  et  oriente  au  sud,  qui  deplace  le  plasma  vers 
le  bas  et  vers  le  nord,  A  uno  vitesse  moyenne  de  250  ms~'  (figure  I).  Par  suite,  l'ionisation  afflue  de 
12.15  3  13.00  TU  vers  le  maximum  d'ionisation  dont  le  taux  d'accroissemcnt  moyen  est  300  cm"  3  s-*.. 

Lea  rdsult'ts  prfieddents  ont  etd  indispensables  peur  1 1  interpretation  des  variations,  plus 
complexes,  qui  ont  6t£  observfies  au  dessus  des  stations  subtrot icales  de  OUAGADOUGOU  et  IBADAN,  et 
au  dessus  de  la  station  Equatoriale  de  SARH. 


VII  -  CONCLUSION 


Lcs  eclipses  solaircs  restent  des  fvAneme.its  d'un  tres  grand  intrret  pour  l'dtude  de  !' iono¬ 
sphere  dans  toutes  ces  regions.  En  effet,  elles  font  apparaitre  un  grand  uombre  de  phdnoradre  photo  chi- 
mique,  dynamique  et  dlectrodynamique  de  faqon  trds  nette  en  fonction  des  phases  spatiales  et  teuipcrclles 
de  l'dclipse.  L'dtude  de  ces  phenomdnts  perjiettra  des  progres  importants  en  gdophysique  externe. 
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LKG8KPCSDS  U  t'lj  ,<<  ET  PI’  TABLEAU 

Figure  i  -  SchEi-  pr-  •  i  pour  ot  perturbation*  mEridienne*  traneEquatoriale*.  Vc,  vite***  de  contrac¬ 
tion  v  .  on  thcraoaphErique).  TiretE,  contour*  itoionique*  et  gradient  de  deneitE  Elec- 

tron.  •  '  car*  fJEchE,  flux  de  pbotoEleetron*  conjuguE*.  Trait  continu*  i*otherMe*  Elec¬ 

tron  ]u«a  el  o’.teiie  de  diffusion  themique  forcEe. 

Tableau  i  -  Variation  de*  paraadtrt*  de  la  couch*  F2  i  la  fin  de  1 ’Eclipse  aolaire  du  30  Join  1973  en 
cowparaiaon  avec  le*  jour*  de  contrSle. 

dN?  :  <*gl*ur  ooyenne  cn  densitE  du  taux  de  variation  du  maxiwura  d’ioniaation  de  la  region  F2 
dt  (en  cj*“3  *-1)  donut'  dans  le*  interval  lea  de  tersps  iudiqu*  sur  le  tableau  lc*  valeur* 

de  he>F2  correipt  ndante*  (en  kn)  aont  aoulignEea. 
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SUMMARY 


A  study  of  the  potential  of  both  ground-wave  MF/HF  radar  and  sky-wave  HF  r-dar  for  sensing  wave  character¬ 
istics  and  surface  current  and  their  application  in  the  U.K.  began  In  1975  Ground-wave  experiments  have 
included  non-directional  observations  of  1.95  :1Hz  sea  echo  (arising  b%  bragg  diffraction  from  77  m  sea 
waves)  received  ovei  a  180°  sector  tor  a  wide  variety  of  sea-state  and  surface  wind  conditions.  A  marked 
dependence  of  echo  amplitude  on  sea-state  was  notco  for  these  7 l  m  waves  as  a  function  of  the  wind- 
dependent  long-wavelength  cut-off  of  the  sea  spectmm.  The  0.01  If*  Doppler  resolution  employed,  permitted 
identification  of  island  and  ship  echoes,  ships  being  tracked  out  to  210  km  range.  Using  synthetic- 
aperture  technique,  wave  directional  features  were  cstabllshe'  and  correlated  with  wind  data. 

In  1978,  a  sky-wave  radar  project  involving  on-line  digital  processing  was  initiated,  aimed  at  routine 
daily  monitoring  of  the  North  Atlantic  at  ranges  from  1,000-3,000  km  ovet  a  60°  arc.  A  preliminary  evalu¬ 
ation  of  the  techniques  was  carried  out  in  Summer  1978  during  tj.e  JA51N  (Joint  Air-Sea  Interaction)  project 
in  the  North  Atlantic.  Comparisons  are  reported  of  radar-deduced  surface  wind  directions  and  magnitudes 
with  those  measured  i.t  oceanographic  vessels.  An  extension  of  the  statistical  theory  used  in  the  analvs.s 
of  radar  spectra  is  presented. 


1.  INTRODJCTtQN 

Research  in  the  U.K.  on  the  techniques  and  potential  applications  of  MF/HF  radar  for  sea-state  sensing  be¬ 
gan  at  the  Universitv  of  Birmingham  in  1975,  building  on  previous  research  on  HF  sky-wave  radar  lor  remote- 
sensing  of  the  ionosphere. 


The  Initial  study  of  sky-wave  radar  sea-state  sensing  (SHEARMAN,  BAGWELL  and  SANDHAM,  1977),  led  to  two 
programmes  of  work  which  are  described  In  the  present  paper.  The  first  programme  arose  from  a  realisation 
that  the  basic  mechanisms  involved  in  radio-wave  scattering  from  the  sea  could  best  be  studied  without  the 
complicating  influence  of  ionospheric  propagation:  3uch  influence  could  be  avoided  by  the  use  of  a  coastal 
radar  station  and  ground-wave  propagation,  the  technique  used  in  the  classic  studies  of  D.  D.  Crumble 
(CRl'MBIE,  1955).  It  i-as  also  realised  that  for  a  country  such  as  the  U.K.,  with  a  major  interest  in  the 
sea  conditions  over  the  surrounding  continental  shelf,  ground-wave  radar  had  great  merits  in  itself  as  a 
remote  sensor  with  a  range  of  up  to  300  km. 

In  the  second  part  of  a  joint  project  with  the  Appleton  t-aboiatory  of  the  U.K.  Science  Research  Council 
the  sky-wave  radar  used  in  the  earlier  work  is  being  equipped  with  on-line  computing  (acllities  for  the 
survey  on  a  routine  basis  of  an  area  of  the  North  Atlantic  from  1,000-3,000  km  in  range  and  60°  wide  in 
azimuth.  This  work  commenced  In  1978,  and  m  the  Summer  of  1978  advantage  was  taken  of  the  international 
oceanographic  project  JASIN  (Joint  Air-Sea  Interaction)  in  the  Rockall  Bank  area  of  the  North  Atlantic  to 
compare  HF  sky-wave  radar  measurements  with  sea  truth  obtained  from  the  oceanographic  vessels. 

This  paper  describes  the  first  results  of  the  ground-wave  programme,  the  plans  lor  too  skv- wave  programme 
and  the  preliminary  results  and  analysis  of  the  JASIN  pioject. 

2.  GROUND-WAVE  RADAR  EXPERIMENTS 

The  location  of  Vie  ground-wave  radar  site,  which  utilises  s  former  L0RAN  A  navigational  aid  transmitter, 
is  shown  in  Fig.  1.  The  transmissions,  at  a  frequency  of  1.95  MHz,  are  radiated  from  an  omnidirectional 
antenna,  but  ground- lave  attenuation  over  land  limits  the  effective  azimuthal  coverage  to  about  210°. 

Extra  ground  losses  outside  this  arc  are  shown  in  the  figure.  The  transmitter  generates  50  u s,  150  kW 
pulses  at  a  repetition  rate  of  305/9  pulses  per  se.ond  and  both  carrier  frequency  and  repetition  rale  are 
referred  to  a  hig',ly  stable  crystal  standard.  A  preliminary  report  of  the  experiments  has  been  given 
elsewhere  (SANDHAM,  SHEARJ'AN  and  BAGWELL,  1978). 

If  the  received  echoes  are  sampled  at  a  chosen  i>me-dclay  after  the  transmitted  pulse,  the  echoes  contrib¬ 
uting  will  be  those  arising  from  an  annulus  whose  radius  is  deiined  by  the  time-delay  and  whose  thickness 
(the  range-resolution)  is  defined  by  the  pulse  duration,  50  l‘s  in  this  ca-e  corresponding  to  a  range 
resolution  of  7.5  km.  The  ground  areas  will  give  rise  to  a  zero  Doppler- ..hi  f ted  echo,  but  the  sea  will 
have  a  character! »tlc  spectrum.  From  the  chaotic  wind-driven  wave  pattern  on  the  sea-surface,  the  electro¬ 
magnetic  scattering  mechanism  selects  those  sea-waves  with  a  length  ol  half  a  radio  wavelength  travelling 
radially  outward  from,  or  inward  to,  the  radar.  These  waves  give  a  resonant  first-order  b»ck-scaU*r  and 
the  scatter  from  waves  of  other  lengths  and  directions  Is  by  second-order  mechanisms  giving  much  lower 
amplitude. 


Since  the  selected  radially-travelling  sea  waves  have  a  characteristic  velocity,  they  give  rise  to  discrete 
Doppler  shifts,  positive  and  negative  respectively  for  the  approaching  and  receding  waves  as  discussed  In 
an  accompanying  paper  (BR0CHE,  1979).  For  a  radio  wavelength  \0,  the  resulting  first  order  'Bragg 
resonant*  Doppler  shift  is, 
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Is  ♦  0.142  Hz  and  Che  length  of  the  sea  waves  selected  Is 


Two  forms  of  processing  are  employed;  the  first  in  for  on-line  analysis  of  a  single,  selected  range-gate 
and  uses  a  commercial  digital-store 'sweeping  filter  spectrum  analyser  with  an  XY  plotter  output;  the 
second  is  for  off-line  analysis  and  uses  analogue  tape  recording,  digitisation  on  replay  amt  multi  range- 
gate  spectrum  analysis  in  a  main-frame  computer.  The  Lypical  coherent  dwell  time  used  is  130  s,  which 
with  a  Hanning  (raised  cosine)  weighting  function  yields  a  spectral  resolution  of  0.01  Hz.  In  each  the 
input  to  the  spectrun  analyser  from  the  receiver  is  centred  at  a  frequency  of  8  Hz  to  avoid  spectrul 
folding. 

Figure  2  shows  on-line  spectra  from  a  range  of  75  km  on  two  days,  ’A*  for  a  day  when  the  se«  was  relatively 
calm  and  the  average  wind  speed  was  less  than  5  knots.  The  77  m  sea  waves  were  therefore  very  low  in 
magnitude,  with  the  approach  and  recede  Doppler  lines  being  10  dB  and  25  dB  respectively  below  the  ground 
echo  at  the  same  range.  In  spectrum  *  B’  however,  the  wind  had  been  blowing  at  20  knots  long  enough  for 
77  m  waves  to  become  fully  developed  and  so  the  Bragg  lines  were  respectively  at  +  7  dB  and  0  dB  relative 
to  the  ground  echo. 

Figure  3  shows,  in  3  dimensional  format,  a  complete  set  of  spectra  observed  a>  15  km  range  Increments  frera 
the  same  site.  A  threshold  has  been  set  at  -  25  dB  to  display  a  noise-free  floor.  Features  of  Interest 
are  the  variation  of  ground  echo  amplitude  with  range,  with  a  sharp  peak  at  the  range  of  Lundy  Island  In 
the  Bristol  Channel  (see  Fig.  1),  the  variation  of  sea-wave  echo  amplitude  with  range  and  the  presence  it 
ship  echoes.  The  discrete  echo  at  30  km  range  and  negative  Doppler  shift  of  0.08  Hz  is  a  ship  echo  of  .he 
kind  from  which  tracks  have  been  extracted.  The  Doppler  spread  echo  at  45  km  range  is  of  the  nature  ex¬ 
pected  from  a  ship  turning  within  the  2^  minute  coherent  dwell  time. 

Figure  4  shows  a  radial-range  time  track  extracted  from  an  identified  tanker  o'  18,000  ton  <es  gross,  out¬ 
ward  bound  from  Milford  Haven.  The  small  rectangles  identify  by  their  side-lengths  the  range-gate  widtr. 
and  the  coherent  dwell  time,  respectively,  defining  the  accuracy  of  location.  The  arrows  indicate  the  pie- 
dicted  radial  velocity  of  the  target  from  the  Doppler  shift.  A  good  match  was  obtained  from  the  ranker 
track  out  to  a  range  of  !20  km  and  further  Identification  was  made  of  an  approaching  tanker  as  indicated 
on  the  diagram. 

The  maximum  range  achieved  to  date  is  210  km,  with  a  mean  power  of  only  250  W  and  omnidirectional  transmit 
and  receive  antennas.  The  discrete  form  of  ship  echoes  when  resolved  by  very  fine  resolut-on  Doppler 
filtering  as  employed  here,  suggests  that  direction-finding  technique  could  be  used  for  di. actional  deter¬ 
mination.  The  experiments  suggest  that  ship-tracking  beyond  microwave  radar  range  may  be  possible  with  a 
much  simpler  ground-wave  radar  installation  than  might  be  envisaged  if  a  large  beam- forming  array  were  to 
be  used. 

Such  direction- finding  techniques  ennnot  however  be  used  to  map  sea  clutter  as  a  function  of  direction 
since  the  scatterers  arc  continuously  distributed.  An  ariav  capable  cf  achieving  resolution  is  needed, 
but  a  simple  realisation  of  such  an  array  was  achieved  by  the  synthetic  aperture  technique  of  Teague  et  al. 
(TEAGUE,  TYLER  and  STEWART,  1975).  The  echoes  from  the  1.95  MHz  transmitter  were  rcceiveo  m  a  vehicle, 
using  a  receiver  with  a  very  stable  local  oscillator,  and  recorded  as  the  vehicle  was  driven  at  constant 
speed  along  a  straight  road.  The  direction-dependent  Doppler  shift  in  conjunction  with  the  aiscrete  line 
structure  of  the  echo  spectrun.  permitted  mapping  of  the  echo  amplitude  vs  direction  as  shown  in  Fig.  5. 

For  a  homogeneous  wind  field,  such  observations  yield  the  directional  sea-wave  energy  spectrum.  This 
assumption  could  not  be  made  for  the  offshore  wind  prevailing  on  this  occasion,  but  there  was  good  correl¬ 
ation  of  the  direction  of  maximum  return  'nd  t  e  direction  of  mean  wind  over  the  previous  12  hours. 

The  disadvantage  of  this  technique  is  that  ft  cannot  be  used  to  measure  simultaneously  the  spectr;m  of  the 
echoes  and  their  direction,  since  it  reties  upon  an  assumption  of  discrete  line  structure  in  the  spectrum. 
To  overcome  this  defect,  observations  have  jeen  made  by  an  interrupted-motion  synthetic  aperture  technique, 
in  which  the  venlcle  is  stopped  at  regularly  spaced  positions  tc  make  a  stationary  coherent  spectrum 
analysis,  the  phase  progression  of  the  returns  in  each  spectral  resection  cel!  with  distance  being  used 
to  determine  direction.  Analysis  of  these  results,  which  could  make  possible  directional  mapeing  of  sur¬ 
face  current  and  wave-directional  spectra  without  assumptions  of  homogeneity,  is  in  progress. 


3. 


SKY-WAVE  RADAR  EXPERIMENTS 


As  a  joint  project  between  the  University  of  Birmingham  and  the  U.K.  Science  Research  Council  Appleton 
Laboratory,  an  extended  period  of  synoptic  observations  of  the  sea  in  the  h’orth  Atlantic  fs  planned  and  the 
equipment  is  now  being  instrumented.  The  coverage  of  the  radar,  which  is  located  in  south-west  England, 
has  an  axlmuthal  extent  of  *  30°  centred  on  261°  E  of  N,  a  beai.twldth  ac  15  MHz  of  4°  ard  a  range  coverage 
of  about  1,000  to  3,000  km  with  a  75  km  range  resolution.  Early  experiments  in  remote  surface  wind  direct¬ 
ion  measurement  with  the  same  radar  have  been  reported  (SHEARMAN,  BAGWELL  and  SANDHAM,  1977).  The  main  new 
development  is  the  Installation  of  a  PDP  11/34  computer  and  peripherals  for  on-line  processing  of  the  sea- 
echo.  Multiple  range-gate  spectral  analysis.  Incoherent  averaging  of  spectra,  extraction  of  surface  wind 
parameters  from  the  spectra  and  graphical  mapping  of  the  deduced  data  will  be  carried  out  in  the  computer. 
Figure  6  shows  the  computer-mapped  wind  vectors  produced  In  a  test  el  the  progranznes  to  be  used.  The  input 
was  in  the  form  of  simulated  radar  echo  spectra,  the  computer  using  the  ratio  between  Bragg  line  amplitude 
to  deduce  wind-direction,  resolving  the  inherent  left-right  ambiguity  in  this  process  by  a  continuity 
condition  for  wind  vectors  in  adjacent  radar  resolution  cells. 


3.1 


Comparison  of  sky-wave  radar  measurements  with  sea-truth 


A  vital  step  In  the  introduction  of  radar  oceanographic  techniques  is  clearly  the  testing  of  the  radar- 
deduced  ocean  and  wind  measurements  against  measurements  by  buoys  and  oceanographic  vessels.  A  unique 
opportunity  for  such  comparison  for  a  sky-wave  system  arose  in  the  summer  of  1978  In  the  Joint  Air-Sea 
Interaction  project  (JASIN),  In  which  14  oceanographic  vessels  of  many  nations  undertook  a  coordinated  ex¬ 
periment  to  study  air-sea  interaction  in  the  Rockall  Bank  area  of  the  North  Atlantic. 


To  provide  coverage  of  the  JASIN  area  (see  Fig.  7)  a  special  northwarus-diiectcd  rhombic  antenna  was 
erected  tor  transmission  and  a  narrower  steerable  beam  used  for  reception  to  provide  three  aaimuthil  re¬ 
ceiving  beam  positions  within  the  transmitted  beam  as  shown  in  Fig.  7.  This  together  with  radar  rai  go  re¬ 
solution  gave  a  total  of  18  resolution  cells  in  the  JAS1N  area.  Each  cell  covered  an  area  of  75  km  l. 
range  by  about  125  km  in  cross  range.  The  aaimuthal  resolution  was  obtained  by  t!.e  use  of  a  receiving 
aerial  array  having  a  beamwtoih  of  7°. 

Sea  back-scatter  data  were  recorded  on  17  dates  during  the  JAMN  period,  and  some  preliminary  results  ob¬ 
tained  on  three  days  are  briefly  described  nere.  Radar  data  obtained  during  the  neriods  1000-1030,  1300- 
1330  and  1600-1630  i'T  on  24  and  25  August  have  Been  used  to  deduce  the  dominant  wind  d*rtctions  in  the 

JASIN  sea  areas.  The  results  have  been  compared  with  wind  data  obtained  by  a  number  of  ships  in  the  area 

at  the  time. 

The  radar  was  operated  on  a  frequency  of  15.6b6  MHt,  and  ionospheric  conditions  indicated  that  propagation 
was  via  the  one-hop  ts  mode  at  all  times.  Separate  Doppler  spectra  were  obtained  for  the  IS  sea  areas, 
shown  in  Fig.  7  centred  on  ground  ranges  »70,  945,  1020,  1095,  1170  and  1245  km  and  along  uiirjths  318°, 
325°,  332°  E  ol  N  from  the  transmitter.  Figure  8  shows  at  (a)  examples  of  three  individual  power  spectra 
for  slant  ranges  1125,  1200  and  1275  km  in  diiection  318°  on  24.8.78  at  0959  111,  illustrating  the  noise- 
like  variability  of  the  spectral  estimate  obtained  in  a  single  dwell.  At  (b)  is  shown  the  result  of 
averaging  the  power  spectra  from  10  successive  dwells;  the  reduction  in  variance  of  the  spectra  can  be 
clearly  seen  by  comparison  of  the  spectri  from  different  ranges,  since  changes  in  the  ocean  characteristics, 
of  which  Uie  spectra  are  a  manifestation,  would  be  expected  to  change  slowly  with  location,  for  each  10- 
told  average  specvnjm,  the  ratio  of  the  spectral  powers  of  the  two  first-order  Bregg  lines  (approach  snd 

recede)  was  taken.  This  ratio  was  used  to  deduce  the  direction  of  the  dominant  wind  with  respect  to  the 

radar  boresigbt,  using  two  alternative  relations  which  have  been  advocated  by  other  workers  <  (a)  LONG  and 
TR1ZNA,  1973,  and  (b)  STEWART  and  BARNVM,  1975.  In  each  case  a  90%  confidence  interval  for  the  Bragg  line 
ratio  was  estimated  by  taking  the  measur'd  v»’je  plus  and  minus  3.3  dB,  (see  Appendix).  This  range  was 
then  converted  to  a  corresponding  range  of  wind  directions,  using  the  relations  given  in  (a)  and  (b)  above. 
The  results  for  the  18  sea  areas  were  pooled  in  three  groups  of  six  so  as  to  give  a  range  of  wind  direct¬ 
ions  for  each  of  the  thro-'  areas.  A,  B,  C  shown  in  Fig.  7.  For  each  area  a  corresponding  range  of 
directions  was  estir-ated  from  the  wind  data  r<  corded  by  ships  (up  to  9  in  number)  in  the  JAS1N  area  at  the 
time.  These  data  were  two-minute  averages  taken  at  hourly  intervals,  but  since  the  ship  positions  did  not 
in  general  correspond  closely  to  the  radar  sea  areas,  a  considerable  amount  of  interpolation  and  -xtra- 
polation  of  the  ship  data  was  necessary. 

A  comparison  of  the  radar  and  ship-measured  wind  directions  is  shown  in  Fig.  u.  Since  the  radar  results 
are  subject  to  an  ambiguitv  (no  discrimination  between  directions  at  equal  angles  on  either  side  of  the 
boreslght)  the  directions  corresponding  more  closely  to  the  ship  -  wind  directions  have  been  chosen  in  oath 
case.  The  results  show  that  on  24  August,  when  wind  speeds,  as  measured  by  ships  in  toe  area,  were  about 
10  m  s"  ,  there  was  reasonably  good  agreement  between  the  ship  and  radar-measured  directions.  The  two 
radar  relationships  (R1  and  R2)  wore  also  in  general  agreement.  Poorer  results  were  obtained  on  25  August 
when  the  wind  speed  was  only  5  m  s"  ,  indicating  tha'  under  these  conditions  the  presently  available  re- 
latiu  f  between  wind  direction  and  wave  spectra  are  less  reliable. 

Wind  speeds  during  the  first  two  observation  periods  of  23  August  were  deduced  from  the  ladar  spectra, 
usln.t  an  empirical  formula  (STEWART  aid  BAR'A.IH,  1975)  as  later  modified  (f'ARESCA  and  BARNUM,  1977).  This 
formula  rela.es  the  mean  wind  speed  in  a  radar  resolution  cell  to  the  -  10  dB  width  of  the  stronger  lirst- 
erder  Bragg  line.  The  raaar-dcduced  wind  speeds  at  1000  and  1300  UT  have  been  compared  with  the  presently 
available  ship  measurements,  made  at  0900  and  1200  UT.  Both  data  sets  gave  speeds  in  the  range  5-13  m  s"^, 
with  good  agreement  for  the  rooming  date  between  radar  and  ship  measurements  at  nearby  locations.  The 
afternoon  data  did  not  Rive  such  good  agreement.  However,  it  is  noted  thai  the  ship  measurements  indicated 
a  more  irregular  pattern  of  measured  wind  at  1200,  so  that  detailed  orrelation  m  the  geographical 
patterns  at  1200  and  1300  would  not  be  expected.  As  more  detailed  '*.ta  become  available  permitting  simult¬ 
aneous  comparisons  a  closer  correlation  should  he  possible. 

Stable  Continuous-wav-  transmissions  .rom  rh"  Scripps  Institute  vessel,  Atlantis  II  on  a  lrequency  close 
to  t..ut  used  bv  th.  sky-wave  radar  were  monitored  at  the  radar  site  at  the  same  times  as  sea-state  sound¬ 
ings  were  carried  out.  The  objectives  of  this  subsidiary  experiment  were  to  try  to  monitor  Doppler  effects 
imposed  by  the  ionosphere  on  signals  traveling  over  approximately  the  same  raypaths  as  for  the  radar.  The 
received  spectra  nave  been  processed  and  show  Doppler  spreads  and  displacements  due  to  ionospheric  eflects 
and  to  ship  motion.  The  results  are  under  study  to  separate  the  two  eflects  and  so  characterise  trie  iono¬ 
spheric  path. 

4.  00..CLUS10NS 

Tar  present  stete  of  progress  in  the  work  can  be  sumroa ri sed  as  follows  i 

Satisfactory  signal  processing  techniques  have  been  evolved  for  on-line  and  oft-linc  spectral  analysis  of 
sea  echo  both  by  ground-wave  and  sky-wave  modes.  Coherent  dwell  times  of  150  seconds  .or  ground  wave  and 
50  second*  tor  sxv-wave  with  ten-fold  averaging  have  vicldcd  data  of  good  quality.  These  techniques  are 
being  included  in  an  on-line  processing  system  for  an  improved  skv-wave  radar  for  synoptic  sLudtes  of  the 
Norvh  Atlantic* 

In  ground-wave  observations,  ship-tracking  up  to  a  range  of  210  km  achieved  with  o.nnidi rections  1  antennas 
suggests  a  useful  r.ew  supplementation  of  conventional  microwave  radar  <or  marine  traffic  monitoring. 
Direction  finding  techniques  should  be  applicable  in  the  discrete  echo  conditions  observed  when  fine 
resolution  Doppler  filtering  is  employed. 

Synthetic  aperture  technique  has  proved  useful  for  determining  the  directional  spectrum  of  sea  waves  at  MF, 
but  if  used  with  cont.nuous  motion  of  the  receiving  vehicle,  it  is  not  possible  to  measure  the  shape  oi  the 
sea  spectra  or  any  cu-rmt-induced  Doppler  shifts.  A  new-  interrupted-motion  synthetic  aperture  technique 
shows  promise  of  ovoriomlng  this  deftet. 


30-4 


An  extension  to  the  Bar  rick  and  Snider  analysis  of  the  spectral  statistics  of  sea  echo  has  been  made  and 
used  in  the  determination  of  confidence  intervals  for  the  Bragg  line  ratio. 

In  the  JASIN  project,  reasonably  good  agreement  vat  found  between  the  wind  directions  deduced  from  the 
radar  spectra  and  those  measured  by  ships  in  the  area,  when  the  wind  speod  was  10  m  s  >  footer  agreement 
was  found  for  wind  speeds  of  5  m  s'1. 

ACKNOh  LtJDGEKE  NTS 

The  wirt  described  has  baan  essentially  a  team  enterprise,  and  would  not  have  hem  possible  without  the 
dedicated  work  of  D.  J.  Bagwell,  S.  Theodorldls  and  C.  0.  Burrows  of  the  University  of  Birmingham, 

F.  0.  G.  Bennett,  C.  R.  Carter  and  H.  A.  Trover  of  the  Appleton  Laboratory,  Sq.  Ldr.  .1.  Symons  of  the 
Royal  Signals  and  Radar  Establishment,  B.  W.  Fursman  of  R.A.F .  East  Blockhouse,  and  D.  V,  Tibbie  of  the 
Ministry  of  Defence. 

REFERENCES 

BARRICK,  D.  E.  and  SNIDER,  J.  B.,  1977,  "Tha  statistics  of  HF  sec-echo  Doppler  spectra",  IEEE  Trans.  Ant. 
Prop.,  AP-25,  19. 

BROCKS,  P.,  1979,  "Estimation  du  spectre  diroctionnel  dcs  vagues  par  radar  decametrique  coherent",  Proc. 

Conf.  "Special  topice  in  HF  propagation",  Lisbon,  AGARD  Conference  Proceedings  No.  263. 

CROMBIS,  D.  D.,  i05S,  "Doppler  spectrum  of  an  echo  at  13.36  Nc/s",  Nature,  173,  661. 

LONG,  A.  E.  and  TR1BNA,  D.  B  ,  1973,  "Happing  of  North  Atlantic  H.nds  by  HF  radar  sea  backscatter 
interpretation",  IEEE  Trans.  Ant.  Prop.,  AF-21,  680. 

NARESCA,  J.  W.  and  BARNUM,  J.  R.,  1977,  "Measurement  of  oceanic  wind  speed  from  Hr  sea  scatter  by  skywave 
radar",  IEEE  Trans.  Ant.  Prop.,  AP-25,  132. 

SANOHAM,  V.  A.,  SHEARMAN,  S.  D.  R.  and  BAGWELL,  D.  J.,  1978,  "Remote  sensing  of  sea-state  and  surface 
winds  in  tha  Irish  and  Celtic  seat  using  KF  radar",  Proc.  Conf.  "Antennas  and  Propagation", 

■jondon,  I  EE  Conference  Publication  No.  169,  Part  2,  pp.  1-5. 

SHEARMAN,  E.  D.  R.,  BAGWELL,  D.  J.  end  SANDHAN,  W.  A.,  1977,  "Progress  in  remote  sensing  of  sea-state  and 
oceanic  winds  by  HF  radar",  Proc.  Conf.  "Radar-77",  London,  I  BE  Conference  Publication  No.  155, 
pp.  41-45. 

STEWART,  R.  H.  and  BaRNUH,  J.  R.,  1975,  "Radio  measurements  of  oceani-  winds  at  long  ranges  l  An  evaluation", 
Radio  Science,  10,  853. 

TEACJE,  C.  C.,  TVLER,  G.  L.  and  STEWART,  R.  H.,  1975,  "The  radar  cross-section  of  the  soa  at  1.95  MHs  t 
Comparison  of  ln-sltu  and  radar  detenainations",  Radio  Science,  10,  647. 


**«cvp  «$%  W  ^ '**•»  *•-'  -'■—*•  *  •  <t~  L  *'«■»<,  . -,  *^v  v  t*  *  -,}y 


30-5 


APMtHDIX  i  CONFIDENCE  INTERVALS  ASSOCIATED  WITH  BRAGG  LIHE  RATION 


The  measured  ratio  of  tha  spectral  powers  at  the  two  first -order  Bragj,  line  frequencies  is  >ubject  to 
statistical  variations  which  can  be  estimated  from  the  assumed  Causslan  distribution  of  the  eiho  signal 
voltage  (BA8R1CK  and  SNIDER.  1977).  On  th* *  basis,  the  probability  distribution  of  the  estlmces  of  the 
power  Pn  at  a  given  frequency  obtained  by  averaging  the  n  estimates  of  the  power  at  that  frequency  from  n 
spectra.  Is 


P(P„) 


n"  Pn“l  exp  (-  nP  ,?) 
n  r  n 


Kn)  F 


where  P  is  the  true  mean  valu:  of  PR. 

If  q„  is  the  ratio  in  declbelt  of  the  vt lues  ol  Pn  measured  at  the  two  Bragg  line  frequencies,  it  may  be 
easily  aik-wn.  by  considering  the  distribution  of  the  ratio  of  two  uncorrelated  quantities,  that  the 
distribution  of  qn  is 


P(9,.) 


AIX2n)  exp  [An(qQ  +  qn>] 

“ — 7? - 

J  IXn)  j  [exp  (Aq0)  +  exp  (A^)] 


2n 


(a  cate  of  the  statistical  F  distribution),  where  A  »  (In  10)/10  =  0.230,  and  q„  ■»  10  log  Q,,.  where  Q0  is 
the  ratio  of  the  true  mean  powers  at  cha  two  frequencies.  The  distribution  of  rn  «*  qn  -  qQ  is  then 


P(rn) 


I\n)l  [1  +  exp  (Arn)]2n 


which  Is  symmetrical  about  sero  so  that  the  mean  rn  >»  0.  The  confidence  intervals  to  be  associated  with 
any  measured  value  of  qn  can  be  readily  obtained  from  the  cumulative  distribution  of  rn,  i.o. 


I  p(rn>  dV 


»■ 


which  Is  the  probability  that  qn  is  less  than  (q0  +  r).  The  integral  can  be  expressed  in  closed  form 
as  a  polynomial  in  fl  -f  exp  (Ar)]  ,  or  equivalent  evaluations  made  from  tabulations  of  the  F 
distribution. 


The  confidence  Intervals  for  qn  so  obtained  are  symmetrical  about  the  observed  value,  and  the  half  widths 
In  decibels,  for  5(71  and  901  probabilities  are  as  follows,  for  various  values  of  n  t 


n 

50% 

90% 

i 

4.8 

12.8 

3 

2.5 

6.4 

5 

1.9 

4.7 

10 

1.3 

3.3 

The  value  for  the  90%  confidence  limits  for  10  spectra  averaged  incoherently  (n  =>  10)  Is  thus  3.3  d3, 
the  value  quoted  in  section  3.1. 


NORMALISED  DOPPLER  FREQUENCY 

->  rvmnWtf  cnectn  a*  l  95  MHz  and  75  km  ran*  for  two  different  sea-states. 
Spectrum  B  was  taken  on  a  day  when  the  wind  was  s^TjdenMy  high  and  was 
blowing  long  enough  for  77  m  ocean  waves  to  develop  fully 
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Fig. 3  Echo  spectra  at  1 .95  MHz  vs  range,  showing  sea-state  variations,  shipping  and  an  island 
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TIME  AFTER  DEPARTURE 

Fig.4  Range/time  track  of  tanker  leaving  Milford  Haven.  Rectangles  show  plots  (150s  coherent  dwelt,, 
7.5  km  range  resolution)  and  arrows  show  predicted  track  from  Doppler  shift 
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Fig.5  Amplitude/direction  plot  of  receding  ~*7  m  waves  denied  front  1  .*>5  MHz  radio  back-scatter.  The  wind 
average  over  the  preceding  12  hours  is  indicated.  The  azimuths  which  are  shown  are  those  from 
which  the  wares  are  travelling,  for  comparison  with  the  usual  convention  for  wind  direction 
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Fig. 6  Computer  plot  of  coverage  of  Noith  Atlantic  by  sky-wave  radar  showing  w  md  vectors 
computed  automatically  from  simulated  HF  radar  Doppler  spectra  input 
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Fig.7  Resolution  cells  of  sky-wave  radar  used  during  JASIN  project,  Summer  1978 
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Fig.8  Sample  spectra  obtained  during  JASIN  project  from  sea  at  slant  ranges  1125,  1 200  and 
1275  km  and  bearing  318°,  by  sporadic-E  propagation 
(a)  Shows  single  spectra  obtained  in  one  50  second  coherent  dwell 

U?)  Shows  improvement  in  quality  of  spectra  resulting  from  incoherent  averaging  Of  10  spectra 


1000-1030  1300-1330  I600-J630  j  1000-1030  1300-1330  1600-1630  UT 

Fig. 9  Comparison  of  wind  directions  measured  by  ships  with  those  deduced  from  >-emote 

skv-wave  Doppier  radar  data 
S  :  ship  measurements 
Rj:  Lorg  and  Trizna  radar/wind  relationship 
Rj:  Stewart  and  Barnuin  radar/wind  relationship 
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DISCUSSION 


J.R.  Wait,  US 

Can  the  ionospheric  contribution  to  the  total  Doppler  shit t  be  d  duced  by  a  combined  analysis  ot  the  single-hop  ami 
double-hop  data? 

Author's  Reply 

Tne  two-hop  sea-seatter  that  I  discussed  was  trotn  twice  the  range  of  the  main  one-hop  illuminated  .  n  this  case 
1  believe  we  may  assume  specular  reflection  at  the  first  sea  bounce  point  and  attribute  any  additional .  ppler  shift 
observ'd  on  the  second  sea-scatter  p  ith  to  the  second  reflection.  Howevci.  the  two  ionospheric  reflection  points 
will  be  considerably  s  paiuted  and  no  correlation  in  motion  may  be  assumed,  it  we  observe  the  same  ocean  path  by 
one  and  two  hop  modes  and  endt-avout  to  eliminate  the  Dopplei  shift  due  !o  ionospheric  motion,  we  shall  l  ave  two 
difficulties.  Firstly  'he  echoes  will  be  likely  to  overlap  m  time  and  Dopplei  shift  and  therefore  be  difficult  to 
separate.  Secondly,,  the  ionospheric  reflection  points  v>ill  still  be  significantly  separated  spatially  for  a  2.000km 
range.  The  i  flection  points  would  be  500knt  apart  and  *t  would  be  very  dangerous  to  assume  well  correlat'd 
motion.  My  answer  to  the  question  would  •:'cre‘ore  have  to  he  that  such  a  technique  is  likely  to  he  practical  only 
rar>  iy. 


C.S.  (joutelard,  I-'r 

Le  Professeur  Shearman  a  insist1  dans  son  expose1  sur  le  fail  qu'unc  grande  direct >viu4  n’etail  pas  tuVessaire  pour  la 
localisation  des  mobiies.  II  me  soluble  que.  si  dans  le  cas  qu’il  a  expose  eela  est  vrai,  il  n'est  pas  possible  do 
gilne'raliscr  notamment  dans  le  cas  dcs  radars  O !  H.  surtour  sur  les  longues  distances.  I  n  effet  dans  ee  cas  ies 
mhomogoneites  de  la  /one  lonosphifrique  oft  so  cree  la  refraction  ctale  !e  specie*  doppler  des  e-chos,  comme  I’a 
explique1  I-  Prof.  Shearman  il  y  a  dc4j;)  unc  quuuaine  d’annecs  Cot  e'taiemcnt  du  spectre  augmente  avee  la  largeur  du 
lobe  d'anteitne  tout  comme,  d'ailleurs,  les  tnqcts  multiples.  Cos  deux  points  introuviiscnt  de»  limitations  dans  !a 
detection  dcs  eibl"S  que  Fern  pout  repousser  par  des  techniques  d'mtCgration  eoherentes  ou  mco!ie4rentes.  mats  ici 
apparait  e4galemcnt  d.  s  limitations  Dans  .  cs  pr.ihlemcs  il  apparait  done  indispensable  d'avoir  de  bonne  directoite's 
d 'an  tonnes. 

Author's  Reply 

My  retnarxs  cn  the  use  o!  omnidirectional  or  widebeam  antennas  and  direction  finding  techniques  lor  ship  backing 
were  restricted  to  the  ground- wav-  mode.  In  this  there  are  no  medium-induced  Doppler  ships  or  multiple  paths. 

For  sky-wave  ptopag.uion.  differential  Dopplei  sluts  between  diflerent  directions  and  different  modes  ot 
propagation  certainly  complicate  the  situation  of  using  Doppler  filtering  to  separate  targets  Irom  clutter.  1  agree 
wi*h  the  comments  for  this  nu  de. 

The  beam  width  used  in  our  special  observation  ol  the  JASIN  oceanographic  area  was  "'.while  the  steerable-beam 
phased  area  to  be  used  to  survey  the  North  Atlantic  uses  a  4°  beam  Useful  results  are  obtained  with  these  beam 
widths,  but  they  are  still  considerably  larger  than  the  0.5°  beam  width  of  the  WAR!'  array 


Comment  by  Dr.  Washburn,  US 

I  would  just  like  to  comment  that  the  data  collected  at  WARF  tor  sea  state  monitoring  usually  consists  of  Doppler 
spectra  at  various  ranges,  azimuths  and  times  of  day.  Noncoherent  (post  detection)  averaging  is  necessary  to 
produce  a  smooth-d,  stable  spectral  estimate.  This  averaging  is  performed  over  range,  azimuth  and  time 
Furthermore,  some  spectra  are  discarded  when  they  show  evidence  of  ionospheric  spectra!  smearing  such  as  produced 
by  multipath  or  by  ionospheric  coherence  limitation  Di  Maresea  and  Dr  l  orn  Georges  at  NOAA  are  exploring 
specific  techniques  for  improving  data  quality 
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SUMMARY  OF  SESSION  V 
REMOTE  SENSING  AND  OCEAN  SURVEll  LANCE 


The  initial  paper  by  Professor  Broche  presented  the  results  of  several  experiments  performed  reeen'ly  in  the  western 
Mediterranean  Sea  during  which  a  ground  bused  HE  Doppler  radar  was  operated  at  two  frequencies  (near  0  and  I  -Mil/), 
in  conjunction  with  a  buoy  which  supplied  in-situ  measurements  of  the.  main  parameters  of  the  sea  surfa-e. 

The  second  paper  by  Waslibum,  Sweeny.  Bttrnum  and  Zavoli  concentrated  on  describing  the  capabilities  of  the  Wide 
Apertim?  Research  Facility  (WARE)  operated  by  SRI  in  California.  Various  radar  techniques  and  propagation 
management  tools  used  on  line  and  in  real  time  were  discussed.  This  was  followed  by  a  paper  by  Moresca  and  Carlson 
which  presented  EE  Skywave  estimates  of  the  track,  surface  wind  and  wave  of  hurricane  Anita,  The  track  o''  the 
hurricane  and  intensity  of  the  waves  were  deduced  trum  measurements  made  at  a  range  greater  than  dOOOKms  utili/inr 
the  SRI  WARF  radar.  The  ability  to  steer  the  radar  to  observe  selected  storm  regions  makes  HP  Skywave  an  excellent 
remote  sensing  device  to  monitor  intense  storms. 

The  fourth  paper  by  Barrick  and  Lip*  described  the  remote  sensing  of  sia  state  and  surface  currents  with  HE  radars. 
The  paper  emphasized  the  ability  of  HE  radars  to  measure  surface  characteristi.  s  to  an  accuracy  of  r  few  percent.  The 
concept  has  application  to  environmental  inonito.mg.  erosion  analyses,  off  shore  oil  and  mining  operations  etc. 
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SEA-STATE  DIRECTIONAL  SPECTRA  OBSERVED  BY  H.F.  DOPPLER  RADAR 

ESTIMATION  DU  SPECTRE  DIRECTIONNEL  DES  VOGUES  PAR  RADAR 
DECAMETRIQUE  COHERENT 


P.BROCHE 

L.S.F.l .T. ,  University  de  TOULON,  P3130  LA  GARDE  (France) 


SUMMARY 


Basic  elements  of  the  description  of  the  sea  surface,  and  fundamental  phenomena  implied  in  the 
backscattering  of  the  electromagnetic  waves  by  this  surface  are  reminded. 

Results  of  experiments  performed  with  a  ground-wave  H.F.  Doppler  radar  are  presented  and  compared 
with  a  sea-truth  supplied  by  conventional  oceanographic  means.  Two  points  are  stressed  : 

■■  the  estimation  of  the  wind  direction,  by  measuring  the  ratio  of  the  amplitudes  of  the  two  Bragg 
lines  in  the  doppler  spectrum  of  the  backscattered  H.F.  wave. 

-  the  estimation  of  the  dominant  frequency  in  the  sea-state  specti-um  and  of  the  significant  height 
of  the  waves  by  measuring  the  cut-off  frequencies  which  are  present  on  both  sides  of  the  Bragg  lines 


RESUME 


On  rappelle  les  elements  principaux  relatifs  3  la  description  le  1‘etat  de  surface  de  la  mer,  ainsi 
que  les  phenomfines  fondamentaux  impliquSs  dans  la  rttrodiffusion  par  cette  surface  des  ondes 
electromagnetiques. 

Les  rtsultats  de  campagnes  experimental es  menses  avec  un  radar  decametrique  coherent  fonctionnant 
en  onde  de  sol  sont  presentes  et  compares  avec  les  donnees  d'une  v§rite-mer  assurte  par  des  moyens 
oceanographiques  habitue! s. 

L'accent  est  mis  sur  1 'estimation  % 

-  de  la  direction  du  vent,  par  la  mesure  du  rapport  des  amplitudes  des  raies  de  Bragg  dans  le  spectre 
de  puissance  de  1 ‘echo  radar. 

-  de  la  frequence  dominante  du  spectre  des  vagues  et  de  leur  hauteur  significative,  par  la  mesure 
des  frequences  de  coupura  qui  apparaissent  de  part  et  d' autre  des  raies  de  Bragg. 


1.  INTRODUCTION 

Les  etudes  men6es  dans  la  demiere  decade  3  la  suite  des  premiers  travaux  de  CROMBIE  (1955)  ont 
montrt  que  les  radars  coherents  fonctionnant  dans  la  game  decametrique  (H.F.)  constituent  un 
instrument  adapte  3  1 'observation  3  distance  de  la  surface  de  la  roer. 

On  rappelle  tout  d'abord  ci-dessous  quelques  elements  relatifs  3  la  description  de  1 'etat  de  cette 
surface,  ainsi  que  les  mecanismes  fondamentaux  par  lesquels  celui-ci  influe  sur  les  proprietes  de 
l'onde  electroraagnetique  rttrodiffusee  (echo  radar). 

On  prtsenhe  ensuite  les  rtsultats  acquis  dans  le  cadre  de  plusieurs  campagnes  d'experlences  durant 
lesquelles  une  comparaison  suivie  a  pu  etre  faite  des  donnees  fournies  par  le  radar  avec  celles 
d'une  verite-mer  assurte  par  des  moyens  conventionnels  (bou6es)  sur  le  site  explore  par  le  radar. 
L'accent  est  mis  sur  Vestiraation  de  deux  paramStres  : 

-  la  direction  du  vent 

-  la  frequence  dominante  du  spectre  des  vagues  et  l'6nergie  cormspondante  (hauteur 
significative). 

On  discute  la  quality  de  cette  estimation,  ainsi  que  les  conditions  qui  sont  de  nature  3  l'amei  icrer. 

2.  L'ETAT  DE  LA  MER  ET  LA  RETRCDIFFUSION  DES  ONDES  H.F. 

2.1  Description  de  la  surface  de  la  mer 

On  admet  g6n6ralement  que  les  variations  £(x,y,t)  de  la  cote  du  point  de 
coordonnues  (x,y)  de  la  surface  de  la  mer  rtsultent  de  la  superposition  des  effets  d'une  infinite 
d'ondes  libres,  sinusoTdales,  Ind&psndantes.  La  pulsation  u  et  le  vecteur  d'onde  k  de  chacune 
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d'elles  sont  relies  par  1 'equation  de  dispersion  des  ondes  de  gravite  : 

o»  ■  gk 

-v 

cette  superposition  est  dAcrite  par  le  spectre  d'Anergie  des  vagues,  S(k),  tel  que  : 

-  //  S(k)  d£ 

S(t)  depend  A  la  fols  du  nombre  d'onde  k  (done  de  la  pulsation  u>),  et  de  la  direction  du  vecteur 
d'onde  k  reperAe  par  son  angle  &  par  rapport  A  une  origine  quelconque  (on  choisit  souvent  la 
direction  du  vent).  On  peut  done  aussi  ecrlre  : 


et  on  pose  : 


//  S  (u.6)  du  de 
s(u,e)  *  s(u)  f(w,e) 


avec  x 


/  f(u,e)  de  *  l  soit  s(u)  *  / s(u,e)  de 


(a)  S(u)  est  le  spectre  "omnidirectionnel''  de  la  hauteur  des  vagues.  C'est 
lul  que  permettent  de  cclculer  les  donnBes  d'une  bou6e  mouillAe  en  un  point  fixe  qui  mesure  les 
variations  tenporelles  de  £  .  Ce  spectre  est  relativement  bien  connu,  du  molns  pour  les  vagues  en 
phase  de  crolssance  ou  en  Aquii ibre  avec  le  vent  :  on  peut  le  dAcrire  convenablement  par  le  module 
de  Plerson-Moskowltz  : 

S(W)  .  -JjL  exn  (--I- (A-)4) 

to 

dont  l'allure  est  reprCsentAe  Fig.  1  (g  est  1 ‘acceleration  de  la  pesanteur).  T1  o6pend  des  deux 
parametres  B  et  com  (pulsation  du  maximum  d 'amplitude  spectrale),  qui  sont  eux-memes  fonctlons 
du  vent  et  de  ses  conditions  d'actlon  sur  la  surface  de  la  mer  (distance  et  duree).  II  exist*  a 
ce  propos  un  certain  nombre  de  formules  semi-empiriques,  citees  par  RAHAMONJIARISOA  (1975),  et 
en  particular  le  »odeie  ..INSWAP  (HASSELMANN  et  al.,  1973). 


S(m)  donne  6galement  accts  aux  paramAtres  statistiques  haoituels,  comme  la  hauteur  significative 
H  1/3,  qui  est  la  hauteur  moyenne  du  tiers  des  vagues  les  plus  AlevAes,  et  qui  est  donnAe  par  / 

"k 

(b)  La  fonctlon  f(u,e)  dAcrit  la  repartition  angulaire  de  l'Anergle  des 
composantes  de  oulsatlon  u.  Sa  connalssance  est  beaucoup  plus  fragmentaire  que  cello  de  S(u>)  et 
les  quelques  modules  existent  sent  pur™cnt  ccipiriqucs.  Pa  run  eux,  le  modAle  de  Longuett-HIggins, 
Cartwright  et  Smith,  cite  par  TYLER  et  al.  (1974)  est  couramment  utilise  et  il  est  donnA  par  : 


f(ui,e)  =  a  +  (l-a)cos  g 

6  est  repArA  par  rapport  A  la  direction  du  vent  avec  lequel  la  mer  est  supposAe  en  Aquilibre  (mer 
complAtement  dAveloppAc) ,  a  represente  la  proportion  (faible,  de  1 'ordre  de  10*2)  de  VAnergie 
qui  se  propage  dans  la  direction  opposAe  A  celle  du  vent.  Le  paramAtre  d'anisotropie  s  varie 
avec  la  frequence  des  vagues  AtudiAes  et  avec  la  vitesse  du  vent  :  sa  ,?leur  est  grande  (s  >  10) 
pour  les  vagues  dominantes  (frequence  <%,),  qui  ont  une  vitesse  voislne  de  celle  du  vent,  et  elle 
diminue  lorsque  la  frequence  augmente.  La  pertinence  de  ce  module  sera  discutAe  ci-dessous  (§  4.1). 

La  tAlAdAtection  de  l'Atat  de  surface  de  la  mer  peut  Jmc  avoir  corame  objectif  la  determination  des 
quelques  paramAtres  caracteristiques  des  model es  acceptes  A  priori  comme  convenables,  (fm,  $  ou  Hl/3, 
d),  ou,  au  contralre,  1'estimation  des  amplitudes  spectrales  S(u,0)  pour  plusieurs  valeurs  de  u 
et  de  6. 


2.2.  Retrodiffuslon  des  ondes  eiectromagnetiques 

L'examen  du  spectre  de  puissance  de  l'onde  eiectromagnecique  de  longueur  d'onde 
Xr,  de  frequence  fp  r6trodiffus6e  par  la  surface  de  la  mer  (Fig.  2)  montre  que  l'essentlel  de  la 
puissance  est  contenu  dans  deux  rales  bien  individual isAes,  dont  les  decal  ages  Doppler  par  rapport 
A  la  frequence  Amise  sont  opposes  et  correspondent  ?  la  cAlArite  des  ondes  de  gravite  de  longueur 
d'onde  Ag  *  Xr/2  :  il  t'agit  done  d'un  mAcanisme  de  diffusion  cohArente,  analogue  au  phAnc-sAne  de 
Bragg  dans  les  crlstaux,  qui  sflectionne  dans  le  spectre  directionnel  des  vagues  les  comi  antes 
adaptAes.  SchAmatlquement,  si  fc-j  et  xs  sont  les  vecteurs  d'onde  des  ondes  Amise  et  regue  (determines 
par  la  frequence  Amise  et  3. 'orientation  du  lobe  des  antennes),  Kg  le  vecteur  d'onde  d'une  onde  de 
gravite,  et  si  up,  ws,  uig  sont  les  pulsations  correspondantes ,  on  a  : 
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"  “1  1  ug 

4  *4 

corame  k$  «  •  k^  (rAtrodiffuslon),  on  en  dAdult  : 

{g  "  *  Z  *1  00  xg 

et  le  decal age  Doppler  est  donnft  par  : 

“s  "  “1  "  *  wg  * 
solt,  en  frequence  :  Af (Hz)  •  *  fg  m  0,1  /fR  (MHz) 

La  gamme  0,1  -  0,4  Hz  pour  fg,  dans  laquellc  se  trouvent  habituellement  les  frequences  domlnantes 
d-s  spectres  des  vagues,  correspond  alnsl  4  la  game  1-16  MHz. 

Les  energies  de  ces  deux  rales,  dites  rales  dr  Bragg  sont  proportionnelles  aux  composantes  du  spectre 
de  l'etat  de  surface  de  la  mer  de  vecteurs  d'ondes  t  2k ,  :  la  rale  negative  est  proportlonnelle  4 
S(2k^),  la  rale  positive  4  S(-2k<)  . 

Slgnalons  qu'on  observe  souvent  un  decal age  d' ensemble  de  la  position  des  deux  rales  de  Bragg  qul  est 
Interprete  come  1‘effst  d'un  courant  superflclel  dont  11  cst  alnsl  possible  de  mesurer  la  composante 
radlale  (STEWART  and  Jdv,  1974  BARRICK  et  al.  1977). 

II  exlste  de  plus,  enlre  et  de  part  et  d'autre  des  rales  de  Bragg,  un  continuum  dlt  "echo  du  second 
ordre",  d'un  niveau  sensibleraent  Inferleur  et  dont  on  attrlbue  la  presence  4  des  Interactions  non 
Unealres  : 

-  entre  l'onde  radio  et  la  surface  de  la  mer  (diffusion  multiple) 

-  entre  les  ondes  ocfaniques  el lesmOmes ,  donnant  naissancc  a  des  deformations  de  vecteur  t  adapte 
mais  qui  n'obeissent  pas  4  l 'equation  de  dispersion  des  vagues  llbres. 

SchAmatiquement,  si  tj,  ^  sont  les  vecteurs  d'ondes  de  deux  composantes  de  l'etat  de  surface  de  la 
mer  et  «2  les  pulsations  correspondantes ,  on  a 


* 


et  done  : 


(1) 


W  *1  *  *2 


<i»s  “  Wj  t  Mj  i  It) 2 


t  lx j  t  $2  *  -  2^ 

u$  -  «i  «  ±  «i  ±  u»2 


l'fenergie  presente  4  la  frequence  w  rAsulte  de  1‘enserable  des  comblnaisons  kj,  kg  qui  satlsfont  les 
conditions  ci-dessus.  L'Acho  du  second  ordre,  pour  ur.e  frequence  radio  donnAe,  depend  done  de 
1 'ensemble  du  spectre  directionnel  de  l'etat  de  surface  de  la  mer. 


3.  CONDITIONS  EXPERIHENTALES 

Deux  types  de  fonctlonnemcnt  peuvent  §tre  envisages  pour  le  radar  : 

-  eit  onde  de  clel,  l'onde  AlectromagnAtique  subit,  entre  le  rad„r  et  la  surface  de  la  mer  une  ou 
plusleurs  reflexions  sur  1' ionosphere,  dont  les  mouvements  in'.'odulsent  un  effet  Doppler  qu'il  est 
parfols  difficile  de  separer  de  celui  d<3  4  la  surface  de  la  ..<er,  Li  portAe  est  grande,  les  frequences 
sont  necessairement  assez  AlevAes,  et  ne  permettent  pas  1‘observation  par  les  effets  du  premier  ordre 
de  la  partie  la  plus  AnergAtique  du  spectre  des  vagues. 

-  en  onde  de  surface,  l'onde  eiectroraagnetique  est  guidee,  au-de!4  de  la  zone  de  visibility  directe, 
par  la  dlscontlnulte  de  condudivitA  ertre  la  mer  et  1 'atmosphere.  La  portSe  est  falble  (50-100  km). 
La  frequence  peut  Atre  assez  b„sse  mais  la  dimension  qu'il  est  nOcessalre  de  donner  aux  antennes 
pour  leur  assurer  une  dlrectlvite  sufflsante  rend  delieat  de  descendre  au-dessous  de  quelques  MHz, 

Le  radar  utilise  par  le  L.S.E.E.T.  pour  les  experiences  dont  les  rAsultats  sont  dAcrits  cl-aprAs 
fonctlonne  en  onde  de  sol  4  partlr  d'une  station  4  la  c6te  situAe  aux  environs  de  Toulon  (Mediter- 
ranAe  occidentale). 
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L'&nisslon  consiste  en  impulsions  de  cadence  et  de  durAe  variables  (habituellement  100  Hz  et 
100  ps) .  Deux  frequences  diffArentes  peuvent  etre  utilisees  simul tan Ament  par  entrelacement  des 
impulsions  correspondantes ,  dans  la  gamme  2-30  MHz.  La  plupart  des  experiences  ont  AtA  realisees 
4  6  MHz  et  12  MHz  (frequences  de  Bragg  :  0,25  et  0,35  Hz),  pour  lesquelles  les  portions  de  mer 
etudldes  ont  une  etendue  radiale  de  15  Km  et  une  largeur,  liee  aux  caracteristiques  des  antennes, 
de  10  et  5  Km  respectivement  4  la  distance  de  40  Km  de  la  station. 

A  cette  distance,  on  a  dispose  d'une  bouee  qui  a  servi  de  support  4  des  moyens  classiques  de  mesure 
des  parametres  meteorologiques  et  oceanographiques.  Cette  vAritA-mer  comprenait  la  mesure  du  vent 
(vitesse  U  et  direction  e)  et  la  mesure  de  la  hauteur  des  vagues  (hauteur  significative  H  1/3, 
spectre  omnidirectionm.1  S(u)  ). 

Bien  que  Ton  ait  proc6d6  4  1‘enregistrement  de  la  totalite  du  signal  de  retrodiffusion  afin  de 
permettre  tout  autre  traitement  ultArieur,  les  spectres  radar  utilises  rAsultent  en  general  de 
la  sommation  incohArente  de  8  spectres  consAcutifs,  chacun  etant  calcuie  en  temps  reel  par  FFT  avec 
une  resolution  de  0,01  Ht.  Ils  correspondent  done  4  environ  14  minutes  de  signal. 


4.  RESULTATS 


L'essentiel  des  travaux  realises  4  ce  jour  vise  4  la  mise  au  point  de  relations 
empiriques  entre  les  propriAtAs  des  spectres  du  premier  ordre  (amplitude  et  largeur  des  rales  de 
Bragg)  et  la  vitesse  du  vent  (LONG  and  TR1ZNA,  1973  ;  STEWART  and  8ARNUM,  1975  ;  de  MAISTRE  et  al. 
1977  ;  BARNUM  et  al.,  1977  ;  MARESCA  and  BARNUM,  1977).  O' autre  part,  les  etudes  entreprises  sur 
les  spectres  du  second  ordre  (BARR1CK  et  al.  1974)  dAbouchent  sur  des  mAthodes  d'inversion  destinAes 
4  en  extraire  I'ensemble  du  spectre  directionnel  des  vagues  (3ARRICK,  1977  ;  LIPA,  1977). 


Les  rdsultats  prAsentAs  ci-dessous  s'inscrivent  da^s  cette  double  perspective,  11s  concernent 
1 'estimation  de  la  direction  du  vent,  de  la  frAquence  dominante  et  la  hauteur  significative  des 
vagues . 


4.1. 


Estimation  de  la  direction  du  vent 


(a)  Le  principe  de  cette  estimation  est  bien  connu  :  les  amplitudes  A.  et  A+ 
des  raies  de  Bragg  sont  prcportionnelles  4  S(±2?-j)  et  leur  rapport  est 


(2) 


S(-2tj)  _ 

S{2t,-)  f(«B.  e) 


0  est  Tangle  de  la  direction  du  vent  avec  celle  du  faisceau  radar  (£j).  Le  rapport  R  prAsente 
l'avantage,  du  point  de  vue  experimental,  de  ne  pas  dApendre  de  la  valeur  absolue  de  la  puissance 
recue.  Son  utilisation  n' impose  done  pa-  la  connaissanee  de  grandeurs  (gains  des  antennes,  atte¬ 
nuation  le  long  de  la  propagation  ...)  qui  sont  difficiles  4  Avaluer. 


Un  modAle  pour  f(u,0)  Atant  choisi,  la  relation  (2)  permet  d'estimer  0  4  partir  de  la  mesure  de  R. 

La  qualitA  de  cette  estimation  est  liAe  4  celle  du  modAle  utilise,  mais  on  peut  dAjA  prAvoir  qu'elle 
sera  limitAe  parce  que  la  repartition  angulaire  rAelle  depend  de  conditions  difficiles  4  connaltre 
ou  mAme  4  prendre  en  compte  (distance  et  durAe  de  Taction  du  vent),  il  est  done  inutile  de  disposer 
d'un  modAle  trop  prAcis  et  il  est  prAfArable  que,  mAme  approximate ,  il  rouvre  des  conditions  de 
validitA  Atendues. 


(b)  Le  modAle  LCS  decrit  en  (2.1 .fa)  est  utilisA.sous  une  forme  simplifiee  dans 
laquelle  a=0,  par  STEWART  and  BARNUM  (1975).  tn  fait,  il  est  possible  d'utiliser  la  forme  complAte, 
a  Atant  dAterminA  4  partir  de  la  plus  grande  valeur  Rr,  observAe  pour  R  a  =  !/V 

D'autres  auteurs  emploient  un  modAle  de  la  forme  (LONG  and  TRIZNA,  1973  ;  MARESCA  et  al.,  197 7)  : 


f(u,e)  *  (l  +  b  cos2e) 

|e|  <  -y- 

f(u,6)  =  (1  +  b  cosZe)"‘ 

-y-<  |e|  <  ti 

% 

| 

R  =  (1  +  b  C0S2e)  *Z 

!©(  <-f 

> 

R  =  (1  +  b  C0S2e)Z 

-j-  <  |e|  <  it 

t 

S 

de  sorte  que  : 


b  peut  Agalement  Atre  dAterminf  4  partir  de  R[))  =  (1  +  b)  . 

On  a  reportA  Fig.  3  les  variations  de  R  avec  6  pour  ces  deux  modAles,  pour  plusieurs  valeurs  de  s, 
et  pour  Rm  =  20  db. 
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I  II  est  important  de  remarquer  quo  si  s  >  2,  ce  qui  est  probablement  le  cas  si  1'on  no  travaille 

|  pas  avec  des  frequences  trts  *lev4es,  les  courbes  peuvent  <tre  cons 1 dirges  comme  peu  *’oign«es, 

I  au  regard  de  la  precision  dans  la  mesure  in  situ  de  @(+20°)  et  dans  la  mesure  de  R  (au  mieux 

l  ±  3  db,  compte-tenu  de  la  variability  obsorvfee). 

f 

E  La  pertinence  de  tels  modules  est  certainemrnt  limltde  aux  cas  od  les  vagues  etudifees  sont  en 

’  Squilibre  avec  1c  vent,  ce  qui  nOcessite  un  temps  d'autant  plus  court  que  leur  frequence  est  plus 

(levee  et  que  le  vent  est  plus  fort.  II  y  a  done  lieu  de  choisir  une  frequence  de  Bragg  asset  elevee 
(mais  pas  trop  pour  ne  pas  tomber  dans  la  gamme  oO  s  ecant  faible  (s  <  2),  la  sensibilite  du  modeie 
*  la  valeur  effective  de  ce  parametre  est  grande)  et  d'ecarter  les  matures  correspondent  4  des  vents 
trop  faibles. 


(c)  Ces  considerations  sont  confirmees  par  les  resultats  experimentaux  de  la 
Fig.  4,  qui  reprtsentent  !es  variations  avec  1 'angle  0  mesure  in-situ,  du  rapport  R  observe  4  la 
frequence  de  6  MHz  (Fig.  4a,  fg  «  0,25  Hz)  et  4  la  frequence  de  12  MHz  (Fig.  4b  fg  «  0,35  Hz)  : 

-  on  n'observe  pas  de  valeur  de  R  supdrieure  4  20  db,  ce  qui  justifie  le  choix  a  *  0,01  ou  b  »  9 
effectue  pour  tracer  les  courbes  de  la  Fig.  3. 

-  la  dispersion  des  points  est  plus  grande  4  5  MHz  qu'4  12  MHz  s  le  temps  ndeessoire  4  l'equilibre 
mer-vent  dtant  plus  grand,  il  est  normal  que  la  correlation  (R  -  0)  soit  plus  faible. 

-  4  12  tWz,  la  correlation  (R ,©)  est  sensiblement  amtliorde  si  l'on  ne  tier.t  pas  compte  des  points 
qui  correspondent  4  H  1/3  <  1  m,  pour  lesquels  la  vitesse  du  vent  est  insuffisante  pour  saturer  la 
composante  de  frequence  0,35  Hz  dans  un  temps  bref  4  ’'ychelle  de  la  variabilite  des  phenomenes 
rndteorologiques  (quelques  heures).  On  eiimine  ainsi  la  plupart  des  points  pour  lesquels  les  compo- 
santes  etudiees  (rales  de  Bragg)  ne  sont  pas  an  equilibre  avec  le  vent,  et  les  points  restants  st 
rdpartissent  autour  d'une  courbe  moyenne  voisine  de  celle  correspondent  4  s  *  3,  ou  memo  de  la 
droite  : 

R(db)  »  20  • 

avec  une  precision  compatible  avec  1 'Indetermination  signalee  en  (b). 

Un  traitement  analogue  applique  aux  donndes  rtcueillies  4  6  MH;  conduirait  4  elever  le  seuil  de  1  m 
pour  H  1/3,  et  4  eilminer  un  trop  grand  nombre  de  points,  rdduisant  d'autant  .’InterSt  de  la  metiiode. 

Les  mesures  presentees  ne  permettent  done  pas  de  choisir  entre  las  modeies  proteoses,  ni  de  preciser 
s  -elles  ont  d'ailleurs  ete  acouises  dans  des  conditions  meteorologiques  variees  et  il  serait  normal 
que  ce  parametre  prbsente  une  certaine  dispersion-  ,  mais  celles  correspondant  A  12  MHz  permettent, 

4  partir  de  leur  comportement  moyen,  d'estimer  convenablement  la  d'rection  du  vent  ,  cel*  est  .llus- 
tree  Fig.  5,  oil  on  a  porte,  en  fonction  de  0,  la  valeur  0*  estimee  \  partir  de  s  *  3.  0*  ne  differe 
pas,  dans  la  majority  des  cas,  de  0,  dc  plus  de  t  20°  . 


5 

l 


4.2.  Estimation  du  spectre  omnidirec  tunnel  des  vagues 

Tr£s  souvent,  le  spectre  du  second  ordre  expSrimenral  (Fig.  2)  raontre  clairwent 
de  part  et  d'autre  des  rales  de  Bragg,  une  discontinuity  de  son  amplitude  qui  est  liye  4  1 'existence 
d'une  frequence  de  coupure  voisine  de  «qn/2tr  dans  le  spectre  omnidirecticnnal  des  vagues  (cf  2.1  a). 
Cecl  s'explique  aisfiment  4  partir  des  consid4rations  dfiveloppees  §  2.2  :  pour  la  partie  du  spectre 
du  second  ordre  telle  que  us  -  >  uig,  par  exesple,  on  a  : 

-  2  ^  «  tj  +  S2 

«s  -  u>j  o  «j  +  u 2 

Le  spectre  des  vagues  ne  contenant  pas  de  pulsation  infferieure  4  ov*  2wfc  (et  done  de  nombre  d'onde 
inf#rieur  i  k  *  u‘/g),  la  plus  petite  valeur  de  (w  -  cO  attachee  4  une  contribution  non  nulle  au 
spectre  du  second  ordre  correspond  au  schema  ci-dessous  1 ( si  w  <  ^B  1  ; 


pour  lequel  : 


avec 


(- 


Wj  -  ■  U  ♦  <l)j 

*i  *  «  /«a_r-'Tc7  - 
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Un  raisonnement  identique  est  possible  pour  les  ttais  autres  combinaisons  des  signes  dans  les 
relations  (1)  (4  2.2),  condulsant  aux  quaere  pulsations  de  coupure  dans  le  spectre  du  second  ordre  * 


On  peut  remarquer  que  dans  le  cas  d'une  houle  dont  le  spectre  directionnel  est  trbs  btroit,  autour 
d'une  direction  donnbe  9^,  ce  raisonnement  implique  une  dissymbtrie  dans  la  position  des  rales 
positives  et  negatives  dependant  de  9^  que  Von  peut  ainsi  estlmer  (P.  FORGET,  1975). 

On  a  determine,  4  partir  de  la  position  de  ces  coupures,  et  plus  particulibrement  de  w.  et  uu 
(coupures  sltuees  entre  des  raies  de  Bragg,  pour  lesquelles  * 

wc  *  ("B  '  ud>  1  2  lwd> 

la  frequence  la  plus  basse  presente  dans  le  spectre  des  vagues.  Compte-tenu  de  la  dynamique  des 
spectre.,  radar,  on  a  asslmile  fc  4  la  frequence  dor.iinante  fm.  Cecl  a  ete  realise  pour  une  frequence 
radio  de  12  MHz  sur  tous  les  spectres  qui  le  permettaient,  et  le  rbsultat  est  illustre  Fig.,  6,  oO 
on  a  porte  la  frequence  ainsi  estimee  fm*  (1 'Incertitude  est  de  1 'ordre  de  t  0,03  Hz)  en  fonction  de 
la  frequence  fm  xesurbe  par  la  boube  sur  le  site  de  1 'experience.  L'accord  est  convenable,  exceptb 
pour  les  frequences  >  0,25  Hz  qui  correspondent  en  fait  4  das  mers  de  trbs  faible  amplitude. 

Si  la  mer  est  complbteroent  dbveloppbe,  le  parambtre  8  du  spectre  de  Pierson-Moskowitz  est  voisin  de 
8  «  0,008,  et  la  hauteur  significative  des  vagues  est  relibe  4  fm  par  : 

(3)  H  1/3  ‘ 

(pour  les  cas  oO  la  houle  est  absente). 

La  Fig.  7  .nontre  la  relation  qui  existe  entre  1 'estimation  ainsi  effectuSede  H  1/3  et  la  valeur 
mesurbe  sur  la  boube.  Les  dbsaccords  qui  existent  sont  libs  4  la  fois  4  1 'imprecision  sur  fm 
(cf  Fig.  6),  mais  aussl  au  fait  que  les  conditions  de  stationnarltb  indispensable  4  1 'appl ication 
de  la  relation  (3)  ne  sont  pas  remplies.  qe  ce  point  de  vue,  l'accord  ne  serait  pas  meilleur  si 
l'on  remplagait  H*y3  par  une  estimation  4  partir  de  la  valeur  mesurbe  de  f^. 

5.  CONCLUSION 

Les  rbsultats  prbsentbs  ci-dessus,  et  surtout  la  compare i son  de  chacun  des  parambtres  estimbs  4 
Vaide  des  spectres  radar  avec  la  vbrite-mer  suggbrent  les  conclusions  suivantes  : 

(a)  Seul  un  raodble  moyen,  tres  approximatif ,  de  la  repartition  angulaire  de 
l'bnergie  aes  vagues  peut  couvrir  les  conditions  mbtborologiques  tres  va-ibes  dans  lesquelles  les 
donnbes  ont  btb  recueillies.  ,1  est  alors  possible  d'en  deduire  une  estimation  convenable  de  la 
direction  du  vent,  pourvu  que  la  frequence  et  la  vitesse  du  vent  soient  assez  blevbes  pour  que  les 
composantes  de  la  surface  de  la  mer  correspondent  aux  raies  de  Bragg  soient  rapidement  saturbes  par 
le  vent  4  l'bchelle  de  temps  des  variations  de  celui-ci. 

(b)  La  frequence  dominante  du  spectre  omnidirectionnel  des  vagues  peut  btre 
dbduite  avec  une  bonne  orbcision  de  la  mesure  des  frequences  de  coupure  prbsentes  dans  le  spectre 
Doppler  de  part  et  d'autre  des  raies  de  Bragg.  Cette  precision  est  de  l'ordre  de  quelques  centibmes 
de  Hertz,  sauf  pour  l.es  valeurs  blevbes  que  Von  rencontre  pour  les  raers  peu  agitbes  (H  1/3  «  1  m.l. 

Dans  Vhypothbse  d'une  mer  compUtement  dbveloppbe,  la  hauteur  signify itive  se  dbduit  de  le  frequence 
dominante,  mais  la  qualltb  rbduite  de  cette  estimation  confirms  qu'en  gbnbral,  un  deuxibme  parambtre 
est  indispensable  pour  dbcrire  de  faqon  satisfaiscnte  le  spectre  omnid’rectionnel .  Du  point  de  vue  de 
la  tbl {detection,  ce  parambtre  est,  par  example,  4  rechercher  dans  le  niveau  relatif  des  bchos  du 
second  ordre  et  du  premier  ordre  (BARRIfK,  1977  ,  FORGET,  1979). 
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OEVEtOPMEKT  OF  HF  SKVWAVE  RADAR  FOR  REMOTE  SENSING  APPLICAT! ON5 
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SUMMARY 

HF  skyvave  radar  systems  relv  upon  lonosphcrleallv  propagated  (skyvave'  radio  waves  for  remote  sensing  a: 
viry  long  rangeR  and  over  wide  areas.-  The  Wide  Aperture  Research  Fa-  111  tv  (UaKF)  in  California  provides 
an  experimental  testbed  for  HF  radur  design  and  evaluation.  Uses  of  the  WARE  skvwave  tadar  inc.udc  the 
tracking  of  aircraft  and  ships,  aea  Btate  monitoring,  and  ionospheric  reseaich.  In  this  paper  we  discuss 
tha  capabilities  of  this  radar,  as  well  as  various  radar  techniques  and  propagation  management  ‘ools  used — 
generally  on-line  and  in  real  time — to  maximize  radar  performance.- 

A  central  feature  of  WARF  is  its  2.3-km-long  receiving  aperture  formed  hy  256  pairs  of  vertically  polarised 
monopoles  spaced  equidistant  over  the  2.5-  ,  distance  and  connected  to  ..-  common  processing  point  through 
cobles  and  a  switching  network.  This  electronically  steerable  receiving  arrav  (*32°  abc-ut  its  east-west 
boresight)  has  selectable  reception  from  either  direction,  and  operates  over  b  to  30  MHz,  producing  a  0.V 
aaimuthal  bean,  at  mldoand.  Combined  with  a  biatatically  located  transmitter  utilizing  stoctablr  broad beam 
(6°^  illumination  and  a  svept-frequency  continuous  wave  (SFCW)  signal  format,  the  HF  radar  provides  verv 
high  resolution  in  azimuth  and  range. 

Bacsscattered  echoes  from  targets,  land  clutter,  sea  clutter,  and  noise  arc  separated  from  each  other  in 
range  and  in  radial  velocity  by  time-delay  and  Doppler  processing  of  the  received  SFCW  signals.  Various 
signal-processing  techniques  are  employed  for  minlmizat *on  of  other-uaer  interference.  These  techniques 
Include  signal  blanking,  wa’  jform  randomization,  and  excision  of  undesirable  portions  from  the  pi  creased 
time-  and  frequenev-domain  data.  Spatial  rejei lion  of  out-of-heam  enerc\  has  been  explored  through  appli¬ 
cation  of  adaptive  beamfortalng  techniques. 

Vropigation  management  and  performance  monitoring  are  two  auxiliary  functions  essential  '  the  successful 
cperatlon  of  an  HF  radar..  Properly  executed,  these  functions  maximire  the  returned  target  signal  relative 
to  noise  and  clutter,  minimi  e  multipath,  avoid  RFI  to  and  from  other  HF  users,  and  provide  accurate-  con¬ 
version  to  geographic  coordinates.-  At  WARF  these  requirements  arc  met  through  use  of  a  separate  backscat- 
ter  ionogram  sout.Jcr  that  produces  cluttir-to-noisa  ratio  maps  over  a  wide  a  a  spectrum  surveillance 
svstem  that  searches  for  quiet  portions  of  too  HF  spectrum,  real-time  measurements  on  the  received  radar 
Signal  (flutter,  noise,  and  t-ansmitter-off  noise),  „r.d  a  steep  incidence  (V-l)  sounder.  Examp'  ■»  of 
remete  sensing  measurements  are  included  to  demonstrate  Hr  radar  system  performance  and  to  lllustra'.  the 
integration  of  essential  auxiliary  functions  to  assure  maximum  overall  performance-- 

1 .  INTRODUCTION 

The  Wide  Aperture  Research  Facility  (WARFi  in  O.'ifprnia  has  explored  the  benefits  of  high  range  and 
azimuth  resolution — up  to  1.5  km  in  range  and  0.5°  la  azimuth — for  over-the-horizon  (OTH)  radar  Applica¬ 
tions  include  tracking  of  aircraft  and  ships  and  monitoring  of  lr-1  gnu  sea- -in  particular  ocean  wind  and 
wave  spectrum  properties.  OTH  radar  which  is  also  termed  HF  skvwave  radar,  relies  on  ionospherical lv 
propagated  : ’dio  waves  to  detect  targets  ,t  very  long  range  and  over  large  areas.  Radar  ranges  from  700  km 
to  in  excesc  of  3000  kui  are  tvpKel  'or  on^-hop  ionospheric  propagation  via  conventional  inodes.  Uarg", 
fixed  ar*onnas  in  common  use  at  HF  ichleve  *0°  sector  coverage  implying  total  are.-  coverage  of  about 
3  k  107  kra  .  Radars  operating  at  these  relatively  low  frequencies  must  deal  with  problems  of  high  amhie.it 
noise,  large  antenna  beamw'dthz,  and  limited  bandwidth  due  to  spectrum  crowding  and  ionospheric  dispersion. 
In  spite  of  these  difficulties  the  long  rangc/wid"  ares  coverage  coupled  with  the  capability  for  essentially 
continuous  surveillance  makes  OTH  radar  an  attractive  device  for  remote  sensing.;  A  review  cf  OTH  radat 
technology  may  be  found  in  Headrick  and  Skolnik  (1974). 

In  tols  paper  we  first  present  the  general  capabilities  of  WAJ1F  followed  by  a  description  of  several  per- 
toraance  maximising  techniques  in  uae  there  including: 

•  Signal  processing  of  OTH  radar  signals  (Section  3). 

*  Interference  avoidance  and  minimisation  through  fcequoncy/tlmc  filtering  and 
adaptive  beamforming  (Section  4),  and 

**  Clutter-to-nolse  monitoring  for  prediction  of  radar  sensitivity  (Section  5). 

2.  WARF  OVERVIEW 

A  unique  feature  cf  the  WARF  is  a  ,.,.5-km  long  receiving  aperture  formed  by  256  paris  of  vertical  rnononolcs 
stated  equidistance  and  connected  to  a  common  processing  poirt  through  delay  cables  and  a  reed  relay  switch¬ 
ing  network.  Array  ateerir.g  la  available  Ir,  1/4°  Increments  over  132°  from  the  east-west  boresight  direc¬ 
tion.  Achievable  coverage  tree  la  depicted  ir.  the  map  of  Figure  1.  The  arra.,  has  east-vest  selectable 
reception  since  each  array  element  la  a  pair  of  5.5  m  monopoles  spaced  4.7  a  along  boresight  and  combined 
with  appropriate  delay  cable,  (kr  average  the  front  to  back  ratio  is  13  dB.  Operitinp  frequencies  v«ry 
from  6  to  30  MU  and.  although  the  element,  are  not  l*$ed*nce  matched,  the  array  is  externally  noise 
limited  at  frequencies  below  23  MU.  This  > ■-  due  In  psrt  to  the  use  of  1  dB  noise  figure  preamplifiers 
Inserted  st  the  point  where  one-eighth  the  array  elements  art  combined  and  steered.  Azimuthal  beawwidth 
is  0.3°  at  15  MU;  amplitude  weighting  In  th-  beateformer  produces  average  sldelobe  levels  of  -25  dB.  The 
vertical  pattern  t,.  controlled  oy  the  twln-swnonole  pattern  whose  --3  dB  points  at  IS  MU  are  9°  and  45°; 
low-angle  gain  is  limited  by  the  use  of  a  small  ground  screen  (22  m  wide  with  0-6  m  mesh)..  Although  htghlv 
variable  with  frequency  and  elevation  angle,  stray  directive  gain*  exceed  30  dB  between  6  arid  78  MU  and 
8°  and  33°  elevation. 
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The  WARF  ticnsaltter  is  located  slightly  blstatlcally  (185  km  to  the  southeast'  to  permit  use  of  a  swepr- 
fraeuency  continuous  wave  (SFCh)  'gnal  format.  An  eighteen-element  ai  rs>  of  vem.al  lop  periods.  <-l.  - 
■entt  (pointed  west)  o»  folded  triangular  conopole  elements  (poi..ted  east)  spanning  a  205  m  apeitute 
achle.es  a  6°  srimuthal  bearavi.ith  at  1 j  MHz .  Transmit  gain  exceeds  20  dB  at  the  peak  of  tbe  vertical 
pattern.  The  transmit  array  is  delay-cable  steerable  over  130°  in  A0  steps;  average  aide lobe  levels  arc 
-20  dB  or  better.;  Ground  screen  of  180  m  width  helps  maintain  gain  at  low  elevation  angles. 

For  radar  applications  two  servo-tuned  10  kW  (avg.)  power  amplifiers  are  employed.  When  losses  are  in¬ 
cluded,  a  realistic  average  value  of  power  product  (PqGfC;;'  is  93  dBW  over  the  range  of  frequencies  and 
elevation  angles  In  uae. 

Ionospheric  backscatter  sounding  is  normally  carried  out  with  a  10  kV  transmitter  feeding  n  single  log 
periodic  antvnna  and  by  receiving  on  the  full  receiving  arrav,  1/8  of  chls  array,  or  a  norliontal,  rotata¬ 
ble  log  periodic  antenna.  Steep-Incidence  Ionospheric  soundings  between  the  two  WAF-  s,tes  are  routit.elv 
interleaved  with  backscatter  soundings.  Thus  both  types  of  soundings  a.e  generated  simul caneoc alv  with 
radar  operations.  A  suonsny  of  the  WARF  specifications  is  presented  in  Table  1. 


Table  1 

WARF  0THK  SYSTEM  PARAMETERS 


Main  System 

Backscatter 

Soundet 

Vert  leal - 
Incidence 
Sounder 

• 

Transmitting  Site 

Power 

20  kW  CW 

10  kW  CW 

10  W 

Ant-nnaa 

East  18-Elament  FTM  Array,  9-26  W* 

Rotatable  Hovl-ontal 

LPA 

Delta 

West  18-element  LPA  Array.  6-30  MH* 

Both  205  m  Long 

6-30  MPi 

2-13  MHt 

6°  A-lmuthal  Beanwldths  at  15  Mllr 

Directive  Gain 

•v.20  dBl  (at  15  Kir) 

M3  dBl 

\5  d«l 

Coverage 

*32°  from  E/W  In  4°  Steps 

• 

Receiving  Site 

Antenna 

2.5-km  Array  of  256  Whip  Pairs 

0.5°  Azimuthal  Beamwidth  at  15  rdts 

Delta 

Directive  Gain 

i3C  dBl 

'5  ddi 

Coverage 

132°  from  E/W  In  0.25°  Steps 

Electrically  Steerable  to  Fast  or  West 

Operating-Frequency 

Selection 

Spectrum  Surveillance  System 

• 

Combined  System 

Power  Product 

PtGtGr  -  93  dBW  at  15  !«r 

1 

Waveform 

SFCW 

Ratia»  Resolution 

Ships  Aircraft 

3  km  18  km 

Integration  Time 

12.8  sec  2. 1  sec 

Dwell  Period 

25.6  ^ec  2. 1  sec 

Cycle  Time 

30  sec  7.5  see 

No.  Receive  Be  ins 

5  («  0.25°)  3  (*  0.50°) 

!>o.  Range  Ceils 

21  12 

Nominal  Area  Coverage 
Race 

4,100  km2/min  kw2/min 

Automatic  Detection 
aud  Tracking 

Yea  Yes 

Critical  factor*  In  auccesaful  operation  of  an  OTH  radar  Include  maintenance  of  high  algnal-to-ooise  ratio 
(SNR)  aad  aignal-to-clutter  ratio  (SCR),  conversion  of  radar  coordinates  to  ground  coordinated,  identifica¬ 
tion  of  multipath,  and  avoidance  and/or  suppression  of  radio-frequency  interference.  Adequate  SNR  la 
achieved  by  controlling  the  quantities  in  the  etendard  t.dar  equation,  wherein  the  notable  aspect*  at  HF 
are  the  hlgn  levels  of  external  noise  and  the  loas  tets  which  includes  propagation  effects  (polarisation 
mismatch,  absorption,  ionospheric  focusing,  ionospheric  disturbances  and  irregularities). 

Since  OTH  radars  are  essentially  "look- down ''  radars,  SCR  Js  crucially  important  for  detection  of  point  tar¬ 
gets.  SCR  la  increased  by  reducing  the  pulse  width  and  narrowing  the  antenna  beam;  however,  even  with 
10  kHt  bandwidth  and  a  1/2°  beam  tha  clutter  may  exceed  10®  *r.  Further  clutter  refection  le  achieved  with 
Doppler  processing;  filter  widths  typically  range  from  1  H*  to  less  than  0.01  Ht  dapending  on  the  applica¬ 
tion  and  on  the  nature  rf  the  propagation  path  Maximising  SCR  la  not  of  Interest  in  the  case  of  remote 


•easing  of  the  ocean  since  the  clutter  itself  is  the  target.  Here  the  primary  requirement  is  for  long 
integration  time  (50  to  100  s  o',  more)  to  reveal  the  detailed  structure  in  the  clutter  Doppler  spectrum 
while  avoiding  the  appearance  of  Doppler-shifted  spectrum  replicas  produced  by  ionospheric  multipath. 

j.  wa;eforh  and  signal  processing 

A  sweep- frequency  continuous  wave  (SFCVJ  signal  is  employed  at  WARF  either  in  the  form  of  an  extended 
linear  frequency  ramp  or  as  a  repetitive,  narrow  frequency  ramp.-  SFCW  is  a  useful  waveform  in  that  it 
permits  100!:  duty  cycle  transmissions,  is  amenable  to  operating  in  a  high  interference  envlronmen*  and 
may  be  readily  processed  off-line  with  variable  parameter  values  such  rs  range  and  Doppler  resolution. 

The  extended  linear  frequency  ramp  generates  „teep-incidonce  or  backsratter  ionograms  *y  processing  the 
received  signals  for  amplitude  vs.,  time  delay  as  a  function  of  radio  frequency.  The  essence  of  this  pro¬ 
cessing  conflsts  of  mixing  or  deramping  the  received  signal  with  a  local  version  of  the  ttweep  generator, 
amplifying  and  down  converting  t>  audio  frequencies  and  then  carrying  out  spectrum  analysis  on  the  result.; 
In  the  WAKF  system  Increasing  audio  frequency  corresponds  to  increasing  time  delay  (radar  range). - 

The  repetitive  waveform  is  processed  for  echo  magnitude  vs.  time  delay  and  Doppler  frequency  at  a  single 
(narrowband)  radio  frequency.  Spectrum  analysis  on  the  signals  received  during  a  single  sweep  provides 
magnitude  vs.  radar  range;  maintaining  sweep- to-aweep  phase  coherence  and  carrying  out  spectrum  analysis 
over  many  sweeps  provides  Doppler  information  for  each  range  cell. 

A  simplified  block  diagram  of  the  SFCW  radar  system  is  presented  in  Figure  2.  Intersite  synchronization 
is  maintained  within  10  us  using  the  ground  wave  signal  propagating  between  the  two  Kites.  The  receiver 
is  gain  and  phase  stable  (within  0.5  dB  and  .5°)  and  is  operated  over  ’-SO  MHz  (Phillips,  A.  C.  and  C.-  A. 
Cole,  1974).  Due  to  large  variations  in  received  signal  strength  100  dB  of  automatic  gain  control  is  pro¬ 
vided.  Noise  figure  is  <3  dB.  Foi  radar  target  processing,  the  audio  signal  receiver  outpu,  (sometimes 
termed  offset  video)  is  digitized  (<  r  spectrum  analysis  in  a  minicomputer. 

Figure  3  sketches  the  lnstantaneou:.  frequency  vs.  time  of  the  transmitted  waveform  where  a  bandwidth  W  is 
swept  every  Tr  s.  The  receiver  output  signal  is  sampled  at  fs  Hz  properly  synchronized  so  that  N  sample? 
are  captured  for  M  sweeps.  An  additional  constraint  on  fs  is  that  the  Nyqulst  criterion  is  satisfied, 
i.e.  fg  >  Wr/2,  where  Wr  is  the  final  receiver  bandwidth.  The  total  coherent  processing  time  T  is  MTr,  so 
that  the  waveform  time-bandwidth  product  is  TW.  These  basic  waveform  paiameters  are  fu -ther  defined  in 
Table  2  along  with  derived  quantities  of  achieved  coverage  and  icsolution  for  range  and  Doopler..  Typical 
values  oi  radar  parameters  used  for  aircraft  and  ship  tracking  ar  WARF  have  been  listed  (n  Table  1.  With¬ 
out  compensation  for  target  movement,  maximum  SNR  Is  achieved  if  the  targets  accelerate  slow'-  enough  and 
do  not  traverse  range  cells  within  one  coherent  integration  period.;  Further,  certain  a^proxi.-ations  must 
be  satisfied  to  avoii  signal  distor  'on  (Barrick.  D.  E. ,  1973). 

Table  : 

RANGE/DOPPLER  PROCESSING  OF  REPETITIVE  SFCW  SIGNALS 

Basic  Parameters 

V  »  Swept  bandwidth 

Tr  »  Waveform  repetition  period  (»  l/fr> 

N  •  Samples/sweep 

M  »  Sweeps  coherently  processed 

T  •  Coherent  integration  period  (-  Mlr  -  MN/f^) 

f  *  Sample  frequency  (•  NF r ) 

W  •  Receiver  bandwidth  (f  '  2W  ) 
r  s  r 

Deiived  Quantities 

Time  delay  coverage  (-  TrWr/W) 

Time  delay  resolution  (*  1/W) 

Unambiguous  Doppler  coverage  (•  ifr/2) 

Doppler  resolution  (-  fr/M) 


Prior  to  spectrum  analysis  of  NM  samples  of  the  repetitive  sweep  signal,  amplitude  weighting  is  applied 
<ndlvldually  ov-.-r  both  the  N  samples  within  each  awe jp  and  over  the  M  sweeps.  Hanning  weighting  is  most 
commonly  used  at  WAR9  uo  that  the  sidelobes  in  time  delay  and  in  Dopplei  are  below  -5 v  dE  five  resolution 
cells  away  from  the  delay-Doppler  cell  of  interest.  Figure  4  plots  the  magnitude  of  the  spectrum  computed 
for  •  radar  example  where  W  «  8.32  kHz,  Tr  *  16.6  me,  N  •  32,  end  M  ••  128.  Thus  integration  time  T  is 
*  2  •  and  the  time  bandwidth  product  is  *  1.6  *  10  .  The  spectrum  has  strong  clutter  lines  spaced  at  the 
wswfwr £  repetition  frequency,  fr.  Successive  fr  lines  correspond  to  successive  range  cells  end  the  fre¬ 
quencies  between  correspond  to  Doppler  frequenclr*  Assuming  certain  low-noise,  low-loss  equipment*!  re¬ 
quirements  are  met,  the  signals  at  frequencies  a  few  Hz  removed  from  the  clutter  lines  usually  represent 
external  noise.  The  major  exception  to  this  condition  is  produced  by  rads-  scatter  from  aurora- induced 
ionospheric  Irregularities.  Intense  auroral  clutter  with  Doppler  spread  of  tens  of  Hertz  is  often  observed 

ftr  cf  interpretation  one  say  align  successive  range  cells  atop  each  other  to  produce  a  range-Doppler 

ms,  nis  display  can  be  used  for  detecting  aircraft  or  shlpa  since  range  progression  vith  time  is  easily 
discerned.  Actual  target  tracking  eaploya  automatic  detection  algorithms  for  ieproved  sensitivity  and  tc 
reduce  operator  vorkload.  Figure  5(a)  is  a  typical  aircraft  detection  example  plotting  linear  magnitude 
v*.  Dcnpier  for  each  range  line;  the  magnitudes  are  purposely  clipped  20  dB  above  the  average  noise  1-vel 


to  maintain  display  sensitivity.  An  aircraft  echo  ‘i  visible  at  -25  Hr.  As  shown  in  Figure  5(b),  the 
display  is  improved  through  application  of  post  whitening  separately  for  each  DopnUt  cell  in  order  to 
remove  spread-range  signals  such  as  clutter  or  RF1 .  This  process  eliminate'  distractions  to  Improve  the 
visibility  of  discrete-range  targets. 

A  companion  data  format  reveals  Doppler  width  and  relative  strength  characteristics  of  clutter,  noise, 
and  target*  by  collapsing  range  information  through  an  RMS  average  over  the  range  cells  at  each  Dopple 
frequency.  The  resulting  range  averaged  power  spectrum  is  plotted  in  Figure  Sic)  on  a  logarithmic  scale, 
facilitating  comparisons  of  strong  clutter  and  weak  noise  signals. 

Range-Doppler  taps  and  power  spectra  are  the  two  mogt  common  methods  for  viewing  repetitive-sweep  back- 
scatter  data  at  WARF  The  waveform  parameters  of  Figure  5  are  tvptcal  for  detecting  high  speed  targets 
such  as  aircraft,  meteo-s,  or  missiles  at  the  expense  of  loas  of  detail  in  the  clutter  echoes..  Clutter 
fine  structure  cr  targets  near  or  superimposed  on  the  clutter  are  best  detected  through  increased  hand- 
width  W  and  longer  integration  tiue  f;  WARF  commonly  employs  time-bandwidth  products  of  lO^-lO7.  Figure  '■ 
is  an  euample  of  the  sea-echo  Doppler  spectrum  (Maresca,  J.  W. ,  Jr.  and  C.  T.:  Carlson,  1978)  for  W  *  50  kHz, 
Tr  «  200  ms,  N  •  16,  H  "  256.  The  resulting  51.2  s  integration  period  reveals  a  great  deal  of  detail  in 
the  radar  back-cattered  sea-ecno.  The  strong  Bragg-line  echoes  may  be  analyzed  to  infer  surface  wind  direc¬ 
tion,  wind  speed,  and  surface  currents.  The  weaker  second-order  structure  may  oe  employed  to  infer  sea 
state  and  the  presence  of  swell  (Barrlck,  0.  E. ,  et  al.,  1974). 

Since  ocean  surface  scatter  is  a  random  process,  noncoherent  averaging  in  time  and  in  space  improves  the 
reliability  of  the  computed  spectral  features 


RADIO-FREQUENCY  INTERFERF'JCE 


Operating  frequencies  for  OTH  radars  vary  diurnally  by  a  factor  of  five  or  more  in  order  to  maintain 
adequate  illumination  of  the  desired  coverage  area.  Since  the  HF  spectrum  is  already  crowded,  it  is  im¬ 
perative  to  minimize  KF  interference  both  to  and  by  the  radar.  Considerable  effort  has  been  undirtaken  at 
WARF  to  avoid  and  minimize  the  effects  of  RF1.  The  techniques  and  procedures  studied  are  briefly  described 
in  the  following. 


4.1.  Clear-Chaanel  Search  Receiver 


During  radar  operations  a  frequency  scanning  receiver,  fed  by  either  the  highly  directive  radar  antenna  or 
by  a  less  directive  antenna,  is  monitored  to  locate  a  clear  channel  within  the  frequency  band  that  will 
propagate  to  the  desired  radar  coverage  area.  This  band  generally  ranges  from  1  to  5  HHc  in  width.  The 
desired  channel  width  of  10  to  100  kHz  la  usually  available  when  the  desired  center  frequency  is  ehove 
about  14  FWz;  however  at  low  frequencies  (6-10  Wt),  and  especially  et  night,  the  usable  frequency  band  is 
compressed  so  that  clear  channels  of  100  kHz  extent  are  usually  nonexistent At  these  times  the  radar 
sweep  generator  My  be  adjusted  to  use  whatever  channel  width  is  available  at  the  expense  of  increased 
clutter  and  lower  time  delay  resolution.  Alternatively,  one  or  mote  of  the  Interference  relection  methods 
described  below  arc  utilized.' 


4.2.  Time  Domain  Weighting  of  the  Transmitted  Signal 

The  transmitted  frequency  spectrum  depends  in  a  complex  .manner  or.  swept  bandwidth,  -epee  it  ion  rate,  fre¬ 
quency-  and  phase-flyback  characteristics  among  others.  The  amount  of  slgnsl  radiated  outside  the  actual 
swept  bandwidth  depends  on  the  details  of  the  method  of  waveform  generation.  For  example,  at  WARF  it  has 
been  found  that,  if  the  sweep  generator  resets  to  its  start  frequency  while  maintaining  continuous  phase, 
the  transmitted  signal  frequency  sidebands  are  significantly  lover  than  if  phase  discontinuities  are  present 
However,  simple  time  domain  weighting  over  the  waveform  repetition  interval  is  an  effective  ueans  of  mini¬ 
mizing  frequency-sidelobe  interference  to  other  HF  users.-  A  reasonable  degree  »f  such  weighting  results  in 
about  1  dB  loss  in  average  transmitted  power. 


4.3.  Time  Do  sain  Blanking 

Interfering  signals  discrete  in  frequency  or  in  time  can  be  discriminated  against  at  the  receiver  by  a 
variety  of  excision  techniques.  One  technique  in  current  use  at  WAR?  is  to  discriminate  against  interfering 
signals  that  occupy  only  a  small  portio-  of  the  swept  bandwidth  hy  blanking  out  a  portion  cr  the  received 
waveform  (Barnum,  J.  R. ,  et  al-,  1979).  The  b'snklng  template  is  "learned”  by  receiving  for  a  period  of 
time  out  of  synchronization  with  tks  transmitter  sweep  and  then  applying  appropriate  smoothing  to  the  tem¬ 
plate  to  minimize  aidelobes  when  the  received  s'gnal  is  spectrum  analyz'd.  An  Improved  Intersite  communica¬ 
tions  capability  is  curicntly  being  installed  at  WARF,  which  will  permit  application  ct  the  template  to  thr 
transmitted  signal  as  well,  reducing  Interference  to  other  us--ra. 

A  similar  excision  technique  has  been  applied  vn  the  signal  processor  (i.e.,  following  A'D  conversion)  to 
remove  Iroulaive  noise  bursts  from  atmospherics.  In  one  continuous  24-houi  experiment  at  WARF,  40t  of  the 
radar  dwell  periods  were  noticebly  contaminated  by  ateospher ics.  An  automatic  time  domain  signal  excision 
algorithm  was  applied  before  spectrum  analysis  to  improve  the  median  slgnal-to-noiae  ratio  at  the  output 
of  the  radar  processor  by  6  dB  (McKinney,  D.  and  W.  B.  Zavoll,  1974). 

4.4  Phase  Decorrelator  for  Sweep  Generator 

Since  coherent  processing  is  carried  out  on  a  sweep-tj- sweep  basis,  the  sweep  generators  must  be  coherent 
with  each  other.  If  an  Interfering  signal  i#  phase  stable  its  carrier  **y  create  a  coherent  (discrete- 
Ooppler/dletrlbuted-renge)  Interference  "line"  on  the  renge-Doppler  map.  The  sweep  generator  start  phase 
la  stepped  la  quadratic  fashion  from  sweep  to  sweep,  identically  for  both  transmit  and  receive  generators^ 
spreading  the  energy  from  the  coherent  interferer  over  ell  Doppler  frequencies.  The  net  effect  it  that 
the  Doppler  blind  speed  creetod  by  the  Interferer  is  removed  at  the  expense  of  moder  tely  increasing  the 
average  noise  level.  For  aircraft  detection  the  Doppler  procesalng  gain  is  ahoi 
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generator  start  phase  reduces  the  peak  interference  1 jvel  20  dB  in  the  radar  output  by  spreading  it  over 
all  Doppler  cells.  The  acceptable  increase  in  average  noise  level  determines  how  strong  an  interfere: 
this  technique  nay  be  used  against.  Pseudo-random  start  phase  stepping  has  also  been  tested,  but  quadratic 
start  phase  Stepp. ng  performs  as  veil  and  is  simpler  to  implement. 

4.5.  Post  Detection  Bias  Removal  For  Each  Doppler  Cell 

At  the  output  of  range-Doppler  analysis,  interfering  signals  with  time  coherence  over  the  period  of  a  fre¬ 
quency  sweep  appear  s  constant-Doppler,  spread-range  signals.  These  RFI  signals  add  a  relatively  un¬ 
fluctuating  bias  component  tc  targets  and  to  the  Rayleigh-distributed  clutter  and  noise.  The  presence  of 
RFI  is  detected  by  computing  the  ratio  of  Dean  to  variance  over  all  range  cells  separately  for  each  Doppler 
cell.  Ratios  exceeding  a  calculable  threshold  imply  a  bias.  For  each  of  these  Doppler  cells  an  algorithm 
is  applied  to  subtract  the  mean  bias  computed  at  that  Do; pier  from  the  amplitude  at  each  of  the  range  cells 
at  that  Doppler.  Thus  the  bias  of  the  range-correlated  lnterferer  is  removed  while,  on  the  average,  only 
minimally  atfecting  discrete  eclioes  from  targets.  Hence  the  name  bias  removal  Interference  suppression 
algorithm  (BRISAl.  Figure  7  depicts  an  example  of  a  2  s  radar  dwell  period  processed  with  and  without 
BR1SA.  A  large  lnterferer  at  -20  Ht  Doppler  with  about  23  dB  SNR  is  virtually  completely  removed  tnrough 
application  of  BRiSA,  without  affecting  detection  sensitivity  at  other  Dopplers.  Application  of  this  al¬ 
gorithm  ir  rsd^r  operations  at  HART  show  jp  to  30  dB  of  Interference  suppression,  the  amount  depending  on 
the  coherence  properties  of  the  lnterferer  and  on  the  receiver  passband  characteristics. 

4.6.  Adaptive  Antenna  Beamforming 

In  addition  to  the  RFI  suppression  techniques  described  above  which  involve  time  end  ftequency  domain  fil¬ 
tering,  antenna  oearaf orm* ng  techniques  have  been  explored  at  WARF  utilising  adaptive  algorithms  to  reject 
unwanted  out-of-beam  energy  (Griffiths,  L.  J.,  1976;  Washburn,  T.  W.  and  L,  E.  Sweeney,  Jr.,  1976).  For 
this  work  the  2.3  km  receiving  aperture  was  split  into  eight  32-element  subarravs  of  320  m  spacing  whose 
outputs  fed  an  eight-channel,  gain  and  phase  matched  receiving  system.  Both  deterministic  (25  dB  Dolph 
taper)  end  adaptive  beamformed  outputs  were  gene'.ated  digitally  from  the  A/D  converted  receiver  outputs. 
Figure  8  is  a  block  diagram  of  the  digital  array  processor,  where  each  of  eight  processing  channels  is 
passed  through  a  tapped  delay  line  filter.  The  -tunned  result  is  the  beanformer  output  which  is  then  pro¬ 
cessed  with  the  usual  radar  signal  processing  operations.  Beanformer  weights  hove  been  computed  by  several 
techniques  including  (1)  the  Griffiths  P-vector  algorithm  (Griffiths,  1.  J..  1969),  (2)  a  linearly  con¬ 
strained  least  squares  procedure  (Frost,  0.  L.  Ill,  1972),  (3)  the  optimal  technique  involving  the  inverse 
of  the  signal  covariance  matrix  which  assures  minimum  mean-square  error  for  the  case  of  stationary  statis¬ 
tics,  and  recently  (4)  a  generalised  tldelobe  cancelling  technique  (Griffiths,  L.  J.,  and  C.  W.  Jim,  1978). 

Table  3  presents  equations  for  the  "optimal"  beamforming  coe; rieients  and  the  P- vector  algorithm.  Conven¬ 
tional  coefficients  are  fixed  in  time  and  computed  a  priori.  The  optimal  coefficients  are  data-dependent 
but  piecewise  £<xed  in  that  they  use  cor>-elation  coefficients  computed  from  the  actual  slgna1  environment 
over  some  time  nerval.  The  recursive  P -vector  coefficients  are  s  continually  updated  approximation  to 
the  optimal  coefficients  but  they  have  th*  additional  property  of  following  nonstationarity  in  the  statis¬ 
tics  of  the  signs’'  environment. 


Table  3 

BEAMFORMING  EQUATIONS 

Conventional 

y(n)  -  &T£<n) 

^  is  a  vector  of  Dolph  Coefficients 
Jt(n)  is  a  vector  of  signals  received  at  elements 
X j  (1  —  1,2,...}  as  «  function  of  time  n : 

Time  Domain  Adaptation  (Griffiths) 
y(n)  »  (n)JC(n) 

W(n  t  1)  >  W(n)  +  -  y(n)jt(n)J 

Covariance  Matrix  Inversion  (MKSE,  Stationary  Statistics) 

V  -  & 

&OC  -  *<n>XT(n> 

(Each  element  of  is  a  correlation  coefficient  computed 
as  a  time  average  ever  M  time  samples.) 


Realistic  signal  environments  were  created  by  operating  a  radar  repeater  at  1300  km  range  in  New  Mexico  as 
the  in-beam  desired  signal  and  by  using  either  a  second  radar  repeater  or  a  separate  radio  source  trans¬ 
mitting  within  the  radar  operating  bandwidth  as  the  auc-of-beam  unwanted  signal.  This  unwanted  signal  was 
located  at  essentially  the  same  range  as  the  wanted  signal  but  with  2°  atimuthal  separation.  In  the  former 
caaa  the  out-of-beam  repeater  simulates  a  point  source  of  clutter  and  in  the  latter  simulates  an  other-user 
lnterferer  (both  CW  and  AM  signals  have  been  employed  in  r-s-ing).  Figure  9  is  a  sample  comparison  of  de¬ 
terministic  snd  adaptive  beamforming  for  the  case  of  two  repeaters  generating  th-  desired  *nd  unwanted 
signals.  The  rwpeater  gains  were  adjusted  to  yield  essentially  equa.  signal  strength  when  pointing  si  the 
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desired  signal  with  the  25  dS  Dolph  taper  beamforrclng.  'Hie  unwanted  repeater  signal  was  decreased  an  addi¬ 
tional  13  dB  with  adaptive  beamforming.  Here  the  Griffiths  P-vector  algorithm  was  employed  using  6  elements 
and  4  taps  per  element.  The  adaptive  beamformer  also  cancels  some  of  the  ground  clutter  as  evidenced  by  a 
10  dB  reduction  in  the  clutter  to  noise  ratio. 


Up  to  20  dB  additional  rejection  of  point-source  clutter  has  been  measured  for  an  adaptive  beamfonner  oper¬ 
ating  with  a  realistic  signal  environment,  although  10-15  dB  is  more  typical.  Similai  rejection  l.as  been 
observed  for  tie  case  of  other-transmitter  RF1.  Gain  and  phase  errors  in  subarray  beamfoming  hardware 
limit  the  conventional  sidelobe  levels  to  about  -25  dB;  it  is  noteworthy  that  the  same  errors  exist  for  the 
adaptively  beamformed  signals. 

Goiq>arison  of  time  domain  recursion  and  covariance  matrix  inversion  as  methods  for  computing  beamforoer 
weighting  coefficients  shows  that  comparable  rejection  can  be  achieved,  but  the  covariance  matrix  perfor¬ 
mance  varies  with  the  time  location  and  quantity  of  data  used  for  computing  the  required  correlation  coef¬ 
ficients.  Further  it  has  been  observed  that  time-domain  algorithms  can  Impart  time  modulation  effects  in 
the  range-Doppler  analysis  normally  following  beamforming.  However,  such  effects  are  minimized  through 
proper  control  of  the  loop  gain  (u  in  Table  3).  A  consideration  for  implementation  of  an  adaptive  beam- 
foruing  capability  is  that  the  matrix  inversion  approach  requires  more  processor  speed  and  capacity. 

Recent  work  by  Griffiths  has  shown  promising  performance  with  a  generalized  sidelobe  cancelling  structure 
(Griffiths,  L.  J.  and  C.  W.  Jim,  1978'  allowing  the  implementat Jon  of  a  variety  of  time  domain  recursive 
algorithms  (Frost's  algorithm  in  particular).  The  canceller  generates  an  error  beam  through  spaiial  pre¬ 
processing  of  the  signals  cf  the  signals  received  at  the  elements  to  remove  the  desired  signal  components. 

An  adaptive  algorithm  computes  a  least  squares  best  estimate  of  the  remainder  which  is  then  subtracted  from 
the  output  of  c  conventional  beam.  This  beamformer  is  currently  being  implemented  for  real-time  use  at 
WAKF  with  the  aid  of  a  high-speed  hardware  array  processor.. 

5.  PROPAGATION  DIAGNOSTICS 

The  complexity  and  highly  variable  nature  of  ionospheric  radio  propagation  requires  careful  attention  in 
matching  radar  operating  parameters  to  the  dynamics  of  the  ionosphere.  An  overview  of  the  interaction  of 
propagation  characteristics  with  radar  operation  is  found  in  Headrick  and  Skolnik  (1974).  At  W'ARF  we  have 
found  real-time  monitoring  essential  to  making  proper  tange  gate  end  operating  frequency  selection  for  tne 
purposes  of  (1)  maximum  illumination  of  the  desired  coveirgv  erec,  (2)  minimization  of  multipath,  and 
(3)  conversion  of  ionospheric  coordinates  to  ground  coordinates. 

The  monitoring  procedure  consists  princlpclly  of  steep- incidence  ionog-ams  which  are  interpreted  with  the 
well-known  transmission  curves  (Davies,  K. ,  1965)  to  extrapolate  to  oblique  paths.-  This  technique  assumes 
horizontal  stratification  of  the  ionosphere  and  has  been  found  to  work  well  at  the  teeqerate  latitudes  of 
WARF.  Tilts  caused  by  diurnal  effects  and  medlum-to-large-scaie  ionospheric  disturbances  are  sensed  with 
oblique  backscatter  ionograms,  since  the  minimum  delay  focusing  contours  have  been  fount  sensitive  to  such 
tilts  (Croft,  T.  A.,  1972;  Georges,  T.  M.  and  J.  J.  Stephenson,  19b8).  Steep-incidence  and  oblique  back¬ 
scatter  Ionograms  are  typically  alternated  every  5  min  at  WARF  with  equipment  separate  ‘rom  the  radjr  equip¬ 
ment  s  ..  that  rads"'  optrations  are  undisturbed. 

Conventional  ionograms  oo  not  yield  measurements  of  various  loss  mechanisms — abso'ptlon,  F-layer  obscuration.- 
defocusing  and  disturbance  effects;  however,  the  clutter  from  the  sea  in  particular  nay  serve  a  valuable 
radar  calibration  role.-  For  a  saturated  sea  the  total  radar  cross  section  is  re’atively  constant  with  radio 
frequency  and  elevation  angle  for  large  enough  wind  speeds  and  for  a  given  wind  direction.  Whereas  the  total 
cross  section  may  vary  significantly  with  the  Phillip's  equilibrium  constant,  (a),  the  directional  distrinu- 
tion  of  the  ocean  waves,  and  the  radar-to-wind  direction;  it  can  be  relatively  constant  over  large  areas  for 
many  hours.  It  is  currently  conjectured  that  given  the  ocean  wave  parameters — potentially  measurable  by  the 
radar  itself — the  total  cross  section  may  be  Inferred  within  3  db  (Maresca,  J.  W. ,  Jr.,  1979).;  A  first  order 
estimate  for  the  average  total  radar  cross  section  including  propagation  effects  such  as  polarization  lo  ses 
is  -23  dB.  The  clutter  cell  size  is  known  (»  c*Rx0»t <sec(B)/2)  so  the  ratio  of  total  clutter  to  noise  (CNR) 
measured  with  the  radar  may  be  used  to  infer  the  SNR  of  a  point  target  of  known  cross  section  co-located 
with  the  clutter  cell,  i.e.  undergoing  the  same  path  losses  and  utilizing  the  same  values  of  antenna  R»in.- 
CNR  monitoring  has  been  very  useful  in  performance  assurance  for  aircraft  and  ship  tracking;  when  CNR  falls 
below  a  specified  threshold  new  operating  parameters  are  considered. 

CNR  measurements  are  mere  difficult  to  Interpret  over  land  because  cross  sections  may  vary  as  muck  as  30-40  db 
from  place  to  place  and  becaur-  the  relatively  high  Brewster  angle  for  land  scatter  produces  large  crocs 
section  variation  with  elevation  angles  below  about  15°.  It  is  also  expected  that  CNR  monitoring  would 
be  substantially  more  difficult  to  interpret  in  the  high  latitude  ionosphere. 

It  should  be  emphasized  that  simple  correspondence  between  CNR  and  SNT  relies  on  the  fact  that  the  same 
system  characteristics  are  used  in  deriving  both  quantities.  This  is  of  course  the  case  when  both  quanti¬ 
ties  are  derived  from  radar  data. 


Recently  at  WARF  a  backscatter  sounder  has  been  modified  to  produce  maps  of  CNR  in  range  and  frequency 
(essentially  backscatter  ionograms  calibrated  in  CNR).  If  sounder  parameters  can  be  related  to  radar 
parameters,  these  measurements  may  be  converted  to  estimates  of  achievable  radar  sensitivity,  i.e.,  sups 
of  minimum  detectable  cross  section  (MDCS).  The  azimuthal  dimension  may  be  added  through  time  sequential 
soundings  at  various  ateer  angle  positions.  From  radar  equation  arguments 
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Most  quantities  are  easily  converted  between  radar  and  south 
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The  sounder  modification  employed  at  WARF  to  measure  clutter  and  noise  separately  is  to  use  a  second, 
matched  receivet  properly  offset  in  frequency  to  sweep  the  HF  spectrum  a  fraction  of  a  second  ahead  of 
the  receiver  tuned  to  receive  backscatter.  Both  receiver  outputs  are  digitized.  The  noise  channel  is 
analyzed  to  locate  interference-free  channels  whose  content  provides  a  measure  of  the  noise  power.-  The 
clutter  channel  is  continually  spectrum  analyzed  to  provide  a  range  profile  of  clutter  vs.  radio  fre¬ 
quency;  normalization  by  the  noise  produces  CNR. 

Figure  10  is  the  superposition  of  a  conventional  backscatter  ionogram  with  an  array  of  quantized  CNR 
values.-  Quantization  in  tens  of  dB  is  employed  only  for  the  purpose  of  this  comparison.  A  more  finely 
quantized  version  of  this  CNR  map  can  be  inspected  to  predict  what  combinations  of  f.  quency  and  time 
delay  would  provide  good  radar  sensitivity. 

6.  CONCLUSIONS 

Me  hiive  described  some  techniques  in  use  at  WARF  which  address  problems  particularly  important  in  the  HF 
radio  propagation  environment.  These  include:,  (1)  the  use  and  processing  of  the  SFCW  signal  format  for 
separating  small  moving  targets  from  the  clutter  and  for  observing  fine  scale  details  within  the  clatter 
return  Itself,  (2)  a  number  of  techniques  to  minimize  interference  problems  in  the  crowded  HF  spectrum, 
and  (3)  a  method  for  inferring  radar  sensitivity  from  CNR  measurements. 

Three  major  aspects  of  successful  OTH  radar  operation  have  not  been  addressed  in  this  paper.  First  we 
have  omitted  discussion  of  data  processing  following  range-Doppler  analysis  although  large  effort  has  been 
devoted  at  WARF  to  automated  processing  and  display  methods  for  detecting  and  tracking  aircraft  and  ships.. 
Secondly,  techniques  for  conversion  of  radar  coordinates  to  ground  coordinates  has  not  been  discussed  since 
it  is  a  subject  worth  treatment  by  itself.  Finally  multipath  deghosting  is  important  for  target  tracking 
as  well  as  for  inferring  ocean  surface  characteristics  from  the  clutter  structure.  Some  success  with  re¬ 
moving  multipath  has  been  obtained  with  point  targets.  Presently  the  preferred  approach  with  distributed 
targets  such  as  sea  clutter  is  to  avoid  multipath  and  to  recognize  and  discard  data  with  multipath  contami¬ 
nation  (Maresca,  J.  W.,  Jr.,  1979). 
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FIGURE  1  WAR?  COVERAGE.  Receiver  at  Los  Ranos,  CA;  transmitter  at  Lost  Hills.  CA. 
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FIGURE  2  SIMPLIFIED  BLOCK  DIAGRAM  OF  WARF  WAVEFO.lM  GENERATION  AND  RECEPTION. 
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a.  Range- Doppler  Map  b.  Range-Doppler  Map  c-  Doppler  Spectrum 

(Linear  amplitude  clipped  (Poet  whitened  separately 

20  dB  above  noise)  for  each  Doppler  cell) 
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FIGURE  5  REPRESENTATIVE  RANGE-DOPPLER  MAPS  AND  DOPPLER  SPECTRUM  AIRCRAFT  ECHO  AT  -25  Hz. 
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FIGURE  6  RASGE-EIPPLER-PROCESS ED  SEA-ECHO  DOPPLER  SPFCTRUM.  The  mean  Doppler  spectrum  is  an  average  of 

Doppler  spectra  recorded  at  different  range  lines  separated  by  3  fcs.  The  first-order  echoes 
producec  by  a  resonant  interaction  between  the  radio  waves  and  the  ocean  vaves  is  senritive  to 
changes  in  t' a  wind-direction  field-.  The  second-order  sideband  structure  surrounding  the 
stronger  Bragg  line  is  sensitive  to  changes  in  the  directional  ocean  wave  spectrun  (Haresca,  J. 
W. ,  Jr,  and  C.  T,  Carlson,  1978). 
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FICURE  7  EXAMPLE  OF  INTERFERENCE  SUPPRESSION  USING  BRISn  PROCESSING.- 
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DETECTION  OF  IN-BEAM  REPEATER  (23  Hz)  IN  PRESENCE  OF  OFF-AZIMUTH  REPEATER  (20  Hz).  Off-azimuth 
repeater  is  1.7°  away  in  azimuth.  Dwells  separated  by  1  min,  8  elements,  4  taps,  a  =  0.1. 

(a)  Range/Doppler  Maps,  (b)  Doppler  Spectra. 


DISCUSSION 


K.  Bibi,  US 

Your  dephasing  technique  used  f~r  suppression  of  coherent  interference,  also  reduces  the  range  ambiguity  of  long 
range  echoes. 

Author's  Reply 

Yes  that  is  true.  Note  that  the  range  amoiguity  is  the  inverse  of  the  waveform  repetition  frequency,  low  PRF’s  are 
chosen  partly  to  insure  that  no  energy  returns  from  ambiguous  ranges. 


C.S.  Goutelard,  Fr 

Vous  utihsez,  comme  forme  d’onde,  une  excursion  lineaire  de  frequence  qui  presente  une  fonct.on  d’ambiguite  en 
“lame  de  couteau”  mterdisant  la  mesure  simultanee  de  la  distance  et  de  la  vitesse  des  cibles.  Vous  conte arnez  cette 
diificulte  en  utilisant  des  sauts  disercts  de  frequence  de  l’ordre  de  60Hz  mais  qui  introduisent  alors  »nc  periodicite 
d’egale  valeur  dans  l’ambiguite  de  frequence. 

Vous  mentionnez  avoir  etudie  d’autres  types  de  formes  d’ondes.  Pouvez-vous  preciser  ces  points,  uotamment  les 
diverses  formes  d’onde  susceptibles  d’ameliorer  l’ambiguite  dans  les  diverses  applications  que  vous  envisagez. 

Author’-  Reply 

Modifications  to  the  waveform  (transmitted  and/or  received)  such  as  time  domain  weighting,  blanking  or  phase 
deconvolation  certainly  affect  the  range/Doppler  ambiguity  function.  In  lact  we  have  rejected  several  candidate 
techniques  on  the  basis  of  poor  sidelobes  or  ambiguities.  For  example,  simple  blanking  of  the  received  signal 
produces  undesirable  range  sidelobes.  A  smooth  weighting  function  on  the  blanking  signal  reduces  these  sidelobes. 


N.C.  Gerson,  US 

Have  you  observed  first  a-  d  second  cireumfeieniial  transit  (first  and  second  round-the-world  echoes)'1  Do  you  have 
any  statistics  or  estimates  of  path  loss  for  both1 

Author’s  Reply 

Yes  we  have,  but  I  don’t  have  any  statistics  to  present  at  this  time. 
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Hu*'  Lr.uk  of  Hum  atu  Anil.,  ami  tin*  uuoimiy  it  tiu*  surt.uo  w.ml  and  waves  thro*  1  .  ,t  the  •♦torn  wu 
estimator  from  i  igh  tiignemv  (HM  skwiavo  laiiar  sea  e.  lu*  !»oppUi  sjnvti.i  rui-uriwuts  made  .o\»  i  U'0<v  km 
aval,  from  tiu*  storm  .it  the  hRI-opor  ited  W’iJe  Apestuie  Rese.mli  Fat  i  i  K  v  (WARD.  fhe  WAKK  tadat  iv.imju- 
ments  were  m  »do  from  .  *5  \uguM  1977  turough  i  uimail  on  V  pt .  mhei  N77,  duting  both  tU  ilav  ami  tin* 
slight  as  Anita  int  oust  fled  from  a  tiopi  *al  storm  to  an  intense  huii'cnne  moving  west  van!  throuvh  tin*  c.u  I  !• 
of  Mexico.*  I  well  tv -one  :»aps  oi  the  surface  wild  direction*  within  7  »d  kn  ot  the  e\e  vote  generated  1 i  om 
the  U\RF  measurements.*  hack  wind  directum  m  .isurct-uU  is  an  i  st  r  j[i  ot  t  ho  avor.no*  conditions  over 
an  iHiMi  art  a  IS  km  in  ranee  hv  7*»  km  m  croxs-t  anee .  A  traok  was  computed  trow  estimates  „ot  tno  hurri¬ 
cane  oontor  made  from  each  wind  duectKm  map.  flu*  \*\R!  r  nlar  position  i*st  imatos  veto  compared  to  posi¬ 
tion*  coincident  in  tint*  aion%.  i  at  smooth  tr.uk  piotimod  1 1  on  rtuon  naissa*ue  aiiciatt,  snore-ba -.c  J  t.uiat 
and  satellite  i  loml  photographic  :*t  asm  oru  nts  l*.  tin*  Nat  ion. 1  hur'wano  to. it  *r  (NIK  A  uni  ivreemt  nt  ua** 
tound  to”  within  'l'*  kn. 

Hurricane  Anifa  j.i^.td  near  tin*  NOAA  National  ‘Nila  IWiov  Office  (NflFO)  moored  Inun  IB-71  \  o.0v.v, 

Ino  l.*\Rf  radar  c>'  'MU“'  of  tin*  **urfue  win!  speed  anti  direction,  tin  signitu  «ut  wave  height  ami  tin* 
one-di*en**.«  »ial  wive  *•  pool  run  in  ail  tour  quadrants  of  tin*  ’.torn,  imludin*:  tin  region  .of  maximum  winds 
wi  r.  comp  irod  to  available  ia  situ  measurements  natit*  at  tho  huov.  Agreement  between  tin*  WVKF  iad.il  and 
LI*- 7*  .t’natos  »»f  wind  dirottion,  wind  sp*  d  .uni  significant  wav.  height  was  7°,*  (’.*  m/s,  and  m,  its- 
pt  *■  1 1 Vc  * \  •  dai*»  **’ \Kf*  os t  mates  ol  tin*  longshore  toa*-  .il  "irt.ia*  ourn  nt  on  tiu*  fringe  ot  miiuane  \m  ’  i 
ui.ido  over  a  -.ovon-dav  ptixoi.  wvie  compared  with  those  estimates  nado  at  a  moored  miont  •••etc:  Kn  ito.i 
doutnoast  aflti  torro.tuu*.  for  a  ps.a^o  dif  foiomo.  Iho  ”a.::utmh  of  tin*  lo«ij>!*or*  mi  mu  speeds  at  ^ot>. 
locations  u.  :t  wim:n  10  .r./s, 

i.  IMROnU'TUM 

We  measured  sii:nti.\m*  u.uo  aei^l’t,  surf.nr  wind  speed  .ad  direction  and  siirl  m  runout  speeds  toi  tin 
first  (»ul  t  ol  Me\u  o'  iun*r  team*  of  the  1^77  season  iminr  a  n  i\U  treijuem*\  (HI  »  s^vwave  iad.it.  J  hi  radai 
measurements  were  made  Jinn  talifortui  In  uuim*  tin*  ^‘,1-operiied  Vide  \jettuie  K.  st  iteh  Kj«  iK’.v  (WARD'. 

We  lecordod  sea  ha  ksc.itcer  for  lairrieam  Anita  a*  di<t.une<  "»on  than  }000  kn  1 1  *  tin*  U\K1,  In  !<•  iti*- 
ot  single  F-iaNor  ionospneiie  reflection.  We  compiled  leal-tine  pi}*'  vot  tin*  surf  ne  umd  ,diti.tion  t  ii  id 
within  a  radial  distame  of  700  kt .  of  tin*  storm  center,  then  e  timatel  » lie  luniu.me  *ao*  lii.u*  t  ror  rm*s. 
t.nlar  wind  maps,  and  develop*  d  a  track  tor  \mta  over  a  a-da\  o.  nod  eetu.en  \iu*,ust(  uni  7  sept  r 

as  the  storm  moved  westward  across  tin*  t.ulf  ot  Me\uo.'  Jhe  ra.lat  .  r  n  k*  was  .onputi.i  1 1  o.*.  I*  inde:n  a- 
dea.t  position  est  mates  *«ade  oefore  Anita  crossed  tno  Vu.  »i  ,.oast,,  od  was  sui.^uiimillv  v,op'' ’».*.:  :.*  t'*.* 
ottsc’ial  rr.uk  prodm  e..  hv  National  Hurricane  CVnti  r  (  .HD.  \.;ie«*?cnt  h**lween  the  W  \KF  position  isti’i.ites 
and  couuideiu  temper  i!  positions  on  the  MU  M*;ooth  track  was  *K>  ki*.  At  appioximteis  o000.  on  1  s?ei  t  eit¬ 
her  N77,  Anita  passed  \  liiuu  30  kn  of  tne  Nation. il  Pat  »  !Unn  Office  (NPoO^  open  ocean  moote.i  tunn  ’ ‘t-'i 

(7h.o°\,  and  provided  us  with  tin*  oop.o  t  uni  tv  to  comjmio  W’\KI  estieit.s  o.  t'n*  sicuitu  oil  uav. 

height,  and  surt  ice  wind  speed  and  direction  \,y  ill  tear  quactiants  ,et  tne  siom  nitli  tho  e  made  .,t  in. 
huov.  Agreement  between  the  ICAR t'  and  iH-71  *n*asure,”-*»us  »  rtlnn  ‘d  .  We  .'l.isuicC  i  *  ^urt  ne  iir  »n.s 

along'  the  western  louisiana  coastime  in  using  tin*  U’\K*  ,*.«dar.  Our  m*  asor*  neut  »  show  /.  ed  n  1 1  ement  uitli 
those  made  hv  moored  current  pku*is. 

Hie  purpose’  of  this  paper  i-  to  des.riiH*  tne  .apal  ilii.  .'t  remote l v  .lonitoriiu*  :»i.n  i»  »nes  cod  .otnei  op«  u 
ocean  storms  i>\  usi.i^  an  HF  skwavo  rad.cr.*  WN  will  des.  riin  tin  i***nort  aat  aspect^  ,et  t  n  N  \K*  skvw  »\v 
radar,  tin*  .sea  echo  floppier  spectra,  tin  metluxl  of  oaalvsis  used  to  iMi:;mU  t5,e  wind  *v.  ind  Mitt.'.w 
current  par.. **<  tors,  and  the  accur.uv  of  these  r.ul.,»r-dei  .ved  »iuant  ties.  lur*her  details  oa  \mt.i  ac.d 
other  Kirri  anes  tan  U  lounu  la  Maresca  and  CirNon  (l‘>77,  1° 7 8 1 . 

WARF  SKYWAY  c  R.\fl*\R 

The  Wide  Aperture  Rose..!  eh  Faiilitv  (WAKK)  (SRI  hrochtice,.  I l>  7  7  Y  is  .»  !  l  g!.- resold  ion,  •  \p.*i  tmi*nt  a  I ,  high- 

frequenev  skw.tvc  radar  located  in  central  Calitorma.  llu  r  «dar  is  nistaiic  and  opt  i  *t  *s  in  v'v  Ml  h.» 

between  p  and  30  >T1K.-  Ocean  ar«Ms  aie  illuminated  h\  .«  70-kN’  s*.,ept -t  i  etjuencv  ,  ant  i  nuous-i  ave  (SKWl  sig¬ 
nal  from  .i  transmitter  site  locate  1  at  Lost  Hills,  Pal  i  form rhe  energv  refle,ted  !ror»  she  suii.nt*  ht  ar* 
is  received  18S  km  to  the  not  th  .at  I  cs  Pano,,  Pai  i  forni.i  .*  rhe’  reeeivirc  autc’nn.  arrav  7,.*-km  long  and 
c’onrists  of  a  double  linear  arrav  of  7?b  whip  antenris  p^oducine  a  nomina''  1/7  a/imu:ii.:l  he.imw  ult  >i  at 
D  MHz.  Hu*  signal  prep.ig.uo**  to  and  from  remote  ocean  patches  sv  means  ot  oin  or  mo*.*  ionos:*heri»  ”i  e- 
*'  lf*c t  ions 

The  iCAKF  coverage  area  is  shown  in  Figure  1.  The  radai  ,  :n  **♦•  directed  e»thei  ea-t  or  west,  and  can  ne 
electronical  lv  steer'd  in  azimuth  *37°  from  horesignt  anvwln  re  vifhir  the  .overage  aiea  ia  l/**°  in*  terneat  s. 
PosiMon  aceuraev  is  tunction  of  midp.ith  ionosphei  :c  height  esiinutts  whose’  u«<cirtunt\  in  the  r.idp.ith 
height  results  in  a  nominal  position  uiouracv  «'f  appi  o\imate  lv  70  k”\.  At  ,uv  .one’  loiation,  (be  aecura*\ 
between  consecutive  meauirements  in  range  and  a/imifh  i,s  .m  order  of  nag.miu.e’  !*ttei.  KAKl  has  nulfipn- 
beam  caf  ability,  and  sea  backseat  ter  is  uuiallv  leieived  simul  t  meous  lv  at  tour  ad|.nenf  ocean  are  i*.  iro-, 
four  dil  ferent  beans  separated  b\  1/^°.  The'  si/e  ot  the  ocean  s»  ■if.a’niK  nat.a  f*.  a  tun.  Non  ot  \}'c  bea.*** 
width,  the  range,  the  ran  *e  ce  »  separati.-i,  and  me'  number  o*  rain>o'  ccMs  averagul  togc  th«*t  .  The  m.v 
the  minimum  scallerim*'  patch  at  a  i\,nge  ct  appro\imat<  lv  7000  kr:  i*>  >  km'  Ia  range  h\  N  kn  sn  azimuth. 

1.  \  j  onion  of  thN  pap»*r  was  presented  .at  the  Sixteenth  (onfeienct  on  coastal  In  meet  mg  held 

burg*  (fOrmaav  (Aug  ist  1978)  and  appeared  ta  the  pioceodim,s  ot  tne  coniereno  . 


m  nan- 


3. 


SEA  ECdO  DOPPLER  SPECTRUM 


The  sea  backscatter  received  ,u  the  WARF  is  coherently  processed  in  range  and  Doppler  to  produce  a  sea- 
echo  Doppler  spectrum.  We  usually  process  21  independent  Doppler  spectra  spaced  at  3-km  rouge  intervals.. 
These  spect’a  are  obtained  simultaneously  at  each  ol"  four  adjacent  radar  beams,.  A  total  of  84  independent 
Doppler  spectra  are  obtained  for  each  coherent  time  period.  We  compute  an  average  spectrum  from  a  subset 
of  trese  Doopler  spectra,  depending  on  the  type  of  measurement  and  the  time  and  space  scales  associated 
with  the  ocean  surface  features.  An  example  of  a  mean  sea-echo  Doppler  spectrum  produced  by  averaging  112 
spectra  obtained  from  four  consecutive  102.4  s  coherent  time  periods,  over  a  scattering  patch  consisting 
of  21  range  cells  and  3  adjacent  beams,  is  shown  in  Figure  2. 

Tile  sea-echo  Doppler  spectrum  shown  in  Figure  2  is  characterized  by  lwo  dominant  first-order  echoes  sur¬ 
rounded  by  a  second-order  continuum.,  Crombie  (1955)  interpreted  the  first-order  echoes  m  terms  of  simple 
Bragg  scattering  that  represented  a  resonant  response  between  radio  waves  of  wave  neaber  k  ocean  waves 

of  wave  number  k  =  2k  .  The  raaar  measures  the  relative  power  and  Doppler  of  the  ocean  waves  traveling 
radially  toward  or  away  from  the  radar.  The  power  ratio  of  me  two  first-order  echoes  are  indicative  of 
the  wave  direction  of  the  waves  of  wave  number  k.  Because  k  is  usually  large  (k  >  0.5),  it  i.  assumed  that 
the  wind  direction  is  identical  to  the  direction  of  these  waves.  / 1 1  shift  in  Doppler  of  the  first-ordtr 
echoes'  from  their  theoretical  positions  when  the  ionospheric  Dopoler  is  zero  is  indicative  of  the  magni¬ 
tude  oc  the  surface  current.. 

The  wave-height  spectrum  is  deriv-J  from  the  second-order  structure  surrounding  the  first-order  echoes. 
ror  hurricanes,  the  power  in  the  second-order  echoes  is  large.  5s  the  total  wave  energy  increases,  the 
a  iplitude  of  the  second-order  echoes  increases,  as  illustrated  in  Figure  3.  Barrick  (1972  a,b)  derived 
theoretical  expressions  that  accurately  model  the  HF  scattering  process  to  second  order.  For  a  specific 
direc  ional  wave  spectrum,  the  model  computes  the  Doppler  spectrum..  The  effects  of  the  wina  direction, 
wave  directionality  and  the  wave  frequency  spectrum  on  the  modeled  Doppler  spectrum  have  been  extensively 
studied  through  the  use  cf  this  model. 

4.  HURRICANE  DATA  Sn/Ti  INC 

Data  sampling  during  a  hurricane  is  divided  into  two  tasks  to  optimize  the  sampling  t-ne  and  tla  data 
quality.  The  spectral  resolution,  directly  related  to  the  coherent  integration  time,  can  be  much  coarser 
for  first-order  measurements  than  for  second-ordet  measurements..  Wind  direction  estimates  are  computed 
from  the  first-order  echoes,  and  can  be  computed  considerably  more  rapidly  than  wave  heignt  and  wind  speed 
estimates,  which  are  computed  from  the  second-order  echoes.-  Isualiy,  the  longer  the  coherent  integration 
time,  the  greater  the  influence  the  ionosphere  has  on  the  quality  or  the  data.- 

The  quality  of  the  recorded  sea  backscatter  depends  or  the  ionospheric  conditions  over  short  periods — 
on  the  order  of  minutes.  Hign-quality  sea  backscatter  is  obtained  if  the  radio  •• aces  propagate  by  means 
of  a  strong,  single,  stable,  coherent  ionospheric  1  iyer.  Sometimes  the  signals  may  be  received  at  the 
same  time  from  two  or  more  different  paths  (">u?  Lipim  .-  In  this  case,  the  second  ot  sccceeamg  signals 
will  be  reflected  from  different  parts  of  *n.'  ocean  and  different  parts  of  the  ionosphere,  and  will  con¬ 
taminate  the  sea  echo  received  flora  the  first  oatti.  If  .r.e  ’onospbere  is  changing  in  tire  or  space 
durin;  the  coherent  radar  dwell  (time  period),  fur r her  degradation  of  the  data  vill  occur.  The  ability 
to  predict  the  ionospheric  conditions  would  ercble  the  radar  operator  ..o  mir:mize  the  contaminating  ef¬ 
fects  of  the  ionosphere,  improve  the  quality  o!  sea  backscatter,  and  reduce  the  sampling  time.;  The  iono¬ 
spheric  soundings  provide  some  data  qjality  information.  Tne  vertical  and  oblique  incidence  soundings 
are  taken  every  10  minutes;'  a  complete  sounding  requires  approximately  3  minutes.  The  coherent  radar 
measurements  made  at  WARF  require  between  10  and  !00  seconds  to  complete..  Because  the  time  required  to 
complete  a  sounding  is  greater  than  the  time  required  to  record  the  sea  backscatter  data,  assessment  of 
the  data  quality  is  difficult  for  ranidly  changing  lonospneres..  Therefore,  real-time  output  of  tne  data 
from  the  WARF  site  minicomputer  is  used  to  verify  data  quality. 

The  wind  direction  measurement  is  not  extremely  sensitive  to  ionospheric  contamination  because  only  the 
amplitude  of  the  two  strong  first-order  echoes  must  be  measured.  A  coherent  integration  tine  of  12.8 
seconds  (0.078-Hz  resolution)  is  sufficient  Co  rasolve  the  peaks  of  tne  first-order  echoes.  We  can  map 
the  vind'dirocrior.  field  in  a  hurricane  by  scanning  in  range  and  azimuth.;  It  is  possible  to  routinely  map 
the  surface-wind-riirection  field  of  a  hurricane  m  about  10  minutes..  Once  the  surface-  wind-direction  nap 
is  made,  the  storm  center  can  be  identified  for  tracking  purposes,  and  regions  of  interest  can  be  selected 
for  mbre  extensive  monitoring  of  wind  speed  and  wave  height  anywhere  within  the  storm. 

The  measurement  of  surface  currents  by  HF  radar  is  slightly  more  sensitive  to  contamination  of  the  Doppler 

spectrum  by  ionospheric  multipath  or  smearing  tnan  the  wind  direction  measurements.  The  surface  current 
measurements  are  based  on  the  Doppler  shift  ot  the  first-order  echoes  relative  to  an  echo  of  known  Doppler.. 
To  accurately  resolve  the  Dopplers  of  these  echoes,  coherent  integrations  times  of  102.4  seconds  (0.01  Hz 
resolution)  are  used  to  process  the  data.-  The  accuracy  of  the  surface  current  estimate  is  a  function  of 
the  accuracy  of  cetermning  the  peak  cf  tne  first-order  echoes. 

The  significant  wave  height  and  wind  speed  measurements  are  sensitive  to  ionospheric  contamination  necausa 

these  quantities  are  estimated  from  the  seccnd-urder  echoes  surrounding  the  stronger  first-order  echoes. 

This  contamination  is  the  largest  source  of  error  in  these  measurements.-  A  conerent  integration  time  ol 
102.4  seconds  is  required  to  resolve  the  second-oider  echoes.  The  ionosphere  does  not  generally  support 
coherent  integration  time  periods  of  this  length.  Hull ipath  and  ionospheric  smearing  can  seriously  de¬ 
grade  the  weaker  seconci-order  echoes.  Because  of  this  ••  jntamination,  we  are  not  able  to  toutinely  estimate 
wave  height  for  each  102.4-second  time  period  as  we  are  ible  tc  cal  ulatc  the  surface  current  for  each 
102.4-second  period  or  wind  direction  for  each  12.8-seccn-  t»i’o  per.^rf.-  A  ramnling  strategy  that  combines 
careful  propagation  management  through  selection  ot  Frcq.«.cJes,  which  result  in  a  stable,  coherent,  single 
propagation  path,  and  signal  processing  that  minimizes  the  -ontaminaiiug  eflects  of  the  ionosphere  are  used 
to  obtain  a  data  set  suitable  for  analysis.  Recent  work  by  SRI  ana  N05A  (Oeoryc-,  T.  M.  and  Maresca,  .1.  W., 
Jr.)  as  resulted  in  improved  methods  of  collecting  high-oual i  tv  data  by  sorting  the  data  according  to  a 
spectral  sharpness  index.-  The  effect  of  ionospheric  c on tavi nation,  however,  is  less  severe  for  data 
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(197/a,  c)  expressions  Have  been  used  to  analyze  skywave  radar  data  recorded  for  a  Pacific  Ocean  aura 
Clare  sc-a,  J.  W. ,  Jr.  and  George;,,  T.-  H.)  and  tropical  storms  (Maresca,  J.;  W. ,  !r.  and  Carlson,  C.  I., 

1 9  7  / ,  1  78;'  Marc  sea,  J.  W.,Jr.,  1978) 

We  used  a  power  lai  derived  from  simulated  data  by  Karesca  and  Georges  to  compute  rms  wave  height  bv 
relating  the  ritio  of  the  total  second-orde,  and  first-order  power  to  th“  rms  w;.va  heights- 

kon  =  aR*  O) 

where  II  2  '  k^n  ■  1.0,  h  is  the  rms  wave  height;'  k0  is  the  radar  wave  number;  is  the  ratio  of  the 
to. a)  oecord-  to  total  first-order  power;,  and  a  =  0.8  and  b  -  0.6  are  -onstants.  This  average  exf-re’ slon 
was  derived  -rcra  theoretical  simulations  of  the  Doppler  spertn  for  different  radar-to-wind  directions, 
directional  d,  _ril'utions>  functional  forms  of  the  wave-  frequency  spectrum,  and  operating  radar  frequen¬ 
cies.  Equation  (37  is  accurate  to  within  102.-  Discussion  of  the  errors  can  be  found  in  Maresce  and 
1  ..rlson  (1977,  1978)  and  Maresca  end  Georges. 

0.  WIN'D  SPEtJ 


PI “tot ically ,  wave  models  have  been  developed  to  predict  wave  Height  and  the  wave  spectrum  from  an  input 
wind  field.  The  accuracy  of  these  models  is  dependent  upon  the  accuracy  of  the  input  wind".  Haase lmann 
et  al.  (1976)  proposed  a  one-diraenslonal  parametric  wind-wave  mcdel  for  feren  limited  growing  wind-sea 
conditions.  Ross  and  Caraone  (Ross  D.  S.,  1976;  Crrdone,  V.  J..  and  Ross,  B. ,  197R;'  Ross,  D.  B.-  ar.d 
Cordone,  V.  J-,  1*78;  Carjone,  V.  J.,  et  al.,  1977;  empirically  derived  a  power-law  expression  for  hurri¬ 
canes  based  on  the  form  proposed  by  Hasselmanr.  et  al..  (1976)  that  relates  the  nondimension.il  wave  energy, 
E,  by  using  wind,  wave,  and  fetch  measured  during  hurricai- .-s  Ava,  Camille,  and  Eloise.,  For  hurricanes. 


,  .  50.45 

=  2.5  x  10  R 


■there  t  =  lg'/K  ;  R  =  rg/W~;  E  =  h";  and  H 


In  J  and  R,  E  is  the  total  wave  energy,  h  is  the  rms 


wa1 e  neight:  H  is  the  significant  wave  height;  r  is  the  radia’  distance  from  the  eye  to  tne  measurement 
•’.lint  Coat  accounts  for  fetch;  g  is  the  gravitational  acceleration;'  and  W  is  the  w‘nd  speed.;  Solving  for 
wind  sp-'-e-j  in  tq.  (4),  we  obtain 


/  -V  . 

\  2.5  /.  in  3  (rg)0’1-  J 


The  wind-wave  rodcl  u«eu  to  d.nve  Eq.  (5)  is  applicable  for  slow  moving  storms  in  whi.h  U  >  15  m/s  and 
8  ’  J  *  10.  For  the  unusual  case  where  the  storms  move  very  fast  or  very  slow,  Ross  and  dardoie  (1978) 
snowed  .that  significant  differences  in  the  modeled  a.  d  measured  vav»  h  ights  occur. 

We  used  Eq.  if)  to  calculate  w-na  speed  tor  An-.n  and  comp  red  our  lesults  with  the  wind  speeds  measured 
at  N'BBO  duovs  and  by  -econnaissanc c  aircraft.-  The  r..diil  fetch  (r;  was  measured  from  tfe  WARF-derived 
wind  maps,  and  the  wave  height  (h )  i  as  computed  using  F<  (3,.  The  radar-derived  W  's  not  an  instantaneous 
wind  speed  estimate;'  it  is  a  ter.iorai  and  sp..ti<.l  average  of  tl'e  winds..  i>ur  radar-derived  W  was  compared 
to  the  15-  minute  wind  speed  averages  made  at  h'DhO  m-'ored  data  buoys., 

9..  MEASUREMENTS  AND  RESl'LTS 


Hurricane  Anita  formed  as  a  tropica)  depression  in  tne  Gulf  of  Mexi,c  at  about  120nz  on  29  August  1977  , 

Anita  developed  into  a  Copied  storm  at  approximately  0600Z  on  30  August  1977,  aid  abojt  12  hours  later 
intensified  into  the  first  Gulf  of  Mexico  hurricane  of  the  1977  season.  As  Anita  moved  west  across  the 
Gulf,  winds  in  excess  of  75  m/s  were  r. corded.  Five  days  ;.f  .-kywave  data  beginning  29  August  1977.  were 
recorded  prior  to  A’ita's  landfall,  .  ,'epteaber  1977,  approximately  2<«6  km  south  of  Brownsville,  Texas. 
Twenty-one  radar  wind  maps  were  compile!  at  WARF.  The  first  4  wind  na  s  were  not  used  in  the  radar-derived 
track  presented  here  because  the  ’•jdrr  shoved  two  distinct  centers  during  tl  is  earlv  period  On  ?0  August 
197/,  the  storm  inten>ified  and  developed  cne  center.  ?h  wind  maps  were  updated  3  to  5  times  ner  day 
durlrg  j.s  1  daytime  .nd  nighttime  per  ”ds  and  were  used  to  develop  tin  WARF-derived  track.  Figure  4  shows 
t.ie  radu~-derived  positions  in  relation  to  the  official  NHC  smooth  track  produced  from  reconnaissance  air¬ 
craft  measurements ,  visible  /nd  infrared  satellite  cloud  photographs,  ar.d  shore-based  microwave  Doppler 
radar.  The  relative  agteement  between  die  WAKF  position  estimates  and  tilt-  in ei pointed  temporal  position 
estimates  along  the  smooth  track  is  *19  km. 

There  are  two  potential  sources  of  error  ass  mated  with  tne  WARF  hurricane  position  fixes:  the  absolute 
position  error  of  the  radar  consisting  e.f  range  and  azimuth  errors,  and  the  errors  associated  with  locating 
the  storm  center  from  tne  radar  wind  direction  measurements ,  Me  estimate  the  range  errors  of  t’ne  radar 
caused  by  errors  in  uetermining  the  ionospheric  height  at  tudnato  to  be  20  km.  If  a  coastal  scan  is  included 
as  part  of  collecting  the  wind  nap  data,  the  land  echo  .,ai  be  used  is  a  reference  to  more  accuiately  deter¬ 
mine  the  ionospheric  height,  and  therefore,  reduce  tnis  erro-.  We  estin-nle  the  error  ’-n  azimuth  caused 
by  ionospheric  tilting  to  be  20  km.  These  range  and  azimuth  errors  can  oe  reduced  significantly  by  in¬ 
stalling  an  HF  repeater  along  the  coast  wnic j  receives  signals  ani  tr-tisuits  then,  back  with  a  known  frequency 
shift.  When  we  assume  similar  mean  ionospt  eric  condl' ioas  with.r.  200  km  of  the  storm  center,  the  entire  wind 
map  can  be  translated  in  azimuth  and  range  to  correct  for  the  absolute  positic-.  error.-  The  location  of  the 
wind  direction  measurement  with  respect  to  lie  storm  eerier  is  generally  rot  affected  by  these  position 
errors.  The  error  associated  with  determining  rne  storm  center  from  the  radar  maps  is  about  20  km.  The 
error  is  caused  by  the  left/rig'nt  ambiguity  in  the  wind  directioi  measurement  ,  The  average  maximum  error 
from  these  two  potential  sources  of  error  is  about  «0  km.  In  cosiparirg  the  WART  position  fixes  to  tic  NHC 
track  we  found  relative  differences  of  between  5  and  AO  km,  and  These  relative  differences  can  be  attribu'ed 
to  the  sources  of  error  just  discus  ,ed. 
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Anita  passed  50  km  south  of  NDBO  buoy  Eb-71  at  about  G000Z  on  1  September  1977.  Two  WARF-dc rived  oind 
maps  wete  made  at  2I40Z  on  30  August  1977  and  0120Z  on  1  September  1977,  which  brackets  this  time  period. 

One  of  these  wind  maps  is  shown  in  Figure  5.  Also  shown  on  Figure  5  is  the  surface  wind  direction  field 

derived  from  data  recorder  by  NDBO  buoy  EB-71.-  These  buoy -measured  wind  direction-,  wir;  recorded  al  2- 
hour  intervals  dur'ng  the  period  *18  hours  of  Anita's  pass  ng  EB-7l.  The  buoy-derived  wind  field  was 
■-omputei  by  a  tlm.  space  conversion  that  assumed  uniform  wind  direction  and  lateral  storm  motion  during 
.his  period.  We  compared  the  buoy-derived  wind  direct  loos,  to  the  WARf— lerived  wind  directions;  agreement 
wa-'  witbin  19°.-  Agreement  Between  the  WARF-derived  wind  dilection  estimate  coincident  ' n  time  and  space 
with  the  buoy  wind  d.rection  estimate  was  1°. 

Between  2314Z  on  31  August  1977  and  '*o20Z  on  1  Srotembcr  1177,  WAR"  raeasu-  ements  wi  -e  made  at  five  loca¬ 
tions  surrounding  tut-  center  of  the  storm.  fh-  location  rf  eacn  mt-asurime.t  relative  to  the  storm  center 

was  interpolated  frum  the  two  wind  ma;  s.  Wc  computed  the  wind  direction  by  using  Ej.  (P,  wind  speed  by 
us’ng  Eq.-  (55.-  and  wjve  Weight  by  using  Eq.  (3)  at  each  location  (see  Table  1',  and  compared  these  measure¬ 
ments  to  a  bucy-aeri'ced  wind  an  a  wave  field.  1'be  maps  of  the  ,-iatial  distribution  of  the  wind  direction, 
wind  speed,  and  wave  height  were  compiled  from  NDBO  F.B-71  data  nuoy  measurement* .  Each  parameter  was 
plotted  in  relation  to  the  storm  center;  they  are  shown  in  figures  b,  7,  and  8  Wt-  ■'ssumed  that  Anita 
moved  uniformlv  with  no  ch.c'ge  in  the  meteorological  conditions  during  tne  per.oi  h  nours  before  and  18 
hours  after  passing  tu  buoy.. 
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FS1 I MATES  OF  SIGNIFICANT  V 
WIND  SPEED,  AND  WIND  DIRf 
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A 

25.7 

92.9 
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35 

80 

5.8 

26.7 

277.5 

A 

25.7 

92.9 

2343 

35 
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5.2 

22.8 

_ 

B 

26.3 

92.1 

2324 

75 

80 

6.0 

24.4 

95.1 

C 

26.3 

93.1 

2358 

65 

35 

5.8 

24.4 

70.2 

D 

25.7 

92.1 

00C3 

65 

134 

5.1 

22.5 

168.3 

E 

25.2 

91.1 

0020 

180 

49 

4.6 

18  1 

137.2 

X 

r  =  Radial  Distance 
N  »  Number  of  Spectra  Averaged 
H  =  Significant  Wave  Height 
Vs -  Wind  Speed 
0  =  Wind  Direction 

The  significant  wave  height  shown  in  Figure  6  was  measured  at  the  buoy  every  3  hours;  tne  wind  direction 
and  wind  speed  snown  in  Figures  7  and  8  were  measured  at  the  buoy  every  2  h  urs.  During  this  36-hour  per¬ 
iod,  Anita  began  .0  intensify,  and  under  our  assumption  of  uniform  lateral  storm  motion  the  validity  of 
tne  bucy-derived  wind  and  wave  fields  art  suspect.  Exact  comparison  of  the  EB-71  and  WARF  measurements 
are  difficult  because  of  the  differences  in  the  time,  location,  arc  area  of  ocean  monitored.  On  Figure  6 
we  alsc  included  the  wave  forecast  for  significant  wave  height  computed  by  Cardone  e t  al .-  (1977)  for  com¬ 
parison. 

WAFcr  wind  and  wave  height  estimates  were  too  far  away  from  the  buoy-derived  quantities  for  direct  compari¬ 
son,  but  the  agreement  between  the  WARF-  and  buov-derived  wind  and  wave  fields  was  reasonable.  Pie  wave 
forecast  was  coraparei  tv  both  the  buoy-  and  WARF-derived  wave  heights..  We  found  good  agreement  between  the 
forecast,  buoy.-  and  WARF  estimates  of  wave  height  along  the  4.6-m  contour  east  of  the  hurricane,  ihe  buoy 
estimate  west  of  the  hurricane  along  the  4.6-ra  contour  line  suggests  the  radius  of  this  contour  line  was 
too  larg..-  WARF  estimates  of  wave  height  at  Points  B  and  C,  located  at  the  extremes  of  the  forecast  re¬ 
gion  of  nighest  waves,  were  lower  than  the  forecast.  Tne  good  agreement  of  Poin-  E  with  the  nearby  buoy 
estimate,  and  the  consistency  of  the  WARF  estimates  at  Point  B  a-d  C  suggest  t.  t  the  7.6-m  contour 
should  have  been  smaller.-  Tha  WAR1-  estimates  of  wave  height  at  Foir.ts  A  and  D  are  located  between  the 
6.1-m  contours.  Again,  the  buoy-  and  WARF-derived  wave  heights  suggested  that  the  6.1-rn  contour  line 
was  too  large.  We  snoulci  also  note  that  any  contamination  of  the  sea-echo  Doppler  spectra  by  the  iono¬ 
sphere  would  result  in  radar  wave-height  estimates  that  would  be  too  high.  The  composite  of  wave  height 
data  obtained  from  the  forecast  and  EB-71  buoy  indicated  the  validity  of  the  WARF  wave  height  estimates. 

The  agreement  between  tne  WARF-de t cvea  e -timates  of  wind  speed  ard  the  buoy-derived  estimates  of  wind  speed 
is  good.  There  are  rBree  principal  errors  associated  with  the  KnP.F  wind  speed  estimate:-  error  in  estimating 
the  radial  fetch,  eiror  in  estimating  the  rms  wave  height,  and  error  in  the  pc-araetric  model.  We  computed 
the  error  in  calculating  wind  speed  for  a  ±0.5-m  error  m  estimating  wave  neight  for  significant  wave 
height  of  5.5  m  (9.1%  error)  and  for  radial  fetches  of  30,  50,  70,  and  100  km..  Ihe  errors  were  less  than 
1.6  m/s.-  We  also  computed  the  error  in  calculating  wind  speed  for  o  ±20-xm  error  in  estimating  the  radial 
fetch  for  a  alg^ficant  wave  height  o(  5.5  m  and  radial  fetches  of  30,  50,  7q  and  100  km.-  For  radial  fet¬ 
ches  greater  tnan  30  km,  a  +20-km  eTor  causes  an  error  of  less  than  2  m/s  in  wind  speed.;  For  radial  fet¬ 
ches  greater  than  50  km,  a  -20-kn>  error  causes  an  error  of  less  than  2  m/s  in  wind  speed.  This  represents 

less  than  an  8%  error.  These  errors  are  typical  of  the  WARF  estimates  of  the  significant  wave  height  and 
radial  fetch  measurements.  The  errors  associated  with  the  model  are  discussed  by  Ross  and  Cardone.  (1978) 
r'or  Anita,  the  mean  and  rms  differences  between  the  Cardone  el  al,  (197/1  parametric  model  forecast  and 
measured  wave  heights  at  rlB—  7 1  is  0.21  ±0.83  m.  This  includes  e'rors  in  measuring  wave  height  at  the  buoy 
and  in  radial  fetch  irom  the  conver^ona!  position  fi,.es.  We  also  calculated  the  wind  speed  using  Eq.  (5) 
for  some  of  the  buoy-measured  vav>  nelghts  shown  in  Figure  6,  and  compaicd  the  calculated  wind  speed  mea¬ 
surements  to  wind  speeds  measortu  the  buoy  (Table  2).  The  data  >s  indicative  of  the  ac* uracy  we  could 
expect  from  the  WARF  estimates  ol  w.nd  speed  using  Eq.  (3).  For  these  data,  we  believe  the  largest  sources 
of  error  in  the  comparison  were  the  or.iertainty  in  the  radial  distance  to  each  point  caused  by  compiling 
the  map  jver  a  36-hour  period,  and  the  assumption  of  a  symmetrical  distribution  of  t.ie  winds.- 
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We  eenputed  wave  Ini  gilt  and  wind  speed  i-.tim.ne-.  several  t  i-m-s  ,J  tllv  ovet  J  »■  .  i  ’ el  Anita.  Fi  cul 
and  Table  i  shew  d.-.tlv  wave  height  ann  wind  spe.d  e-ttmates  made  at  sevetal  leiatiens  within  the  stoim 
fieri  lo  August  through  J  September.  Anita  lnteusi  t  ied  .ever  this  pitied  a:-  let  lei  tea  In  the  itieieasing 
wave  heights.  Also  shewn  on  Figure  ->  is  the  nearest  in  situ  ebse: vat  ion  et  the  wave  height  measurid  Fv 
FB-  '  1  at  1)000.’  on  1  September,.;  I’slng  fg.  i'*)  we  estimated  wind  speeds  ft  '.'i  the  WARS  tadar  measun  muni  s 
of  wave  height  and  radial  teti.’i.  tin  nearest  m  situ  observation  ol  ,'e  -.uit.iee  wind  spoe.l  w..s  also 
made  at  FH-7!  at  0000.'  on  1  Septomb  r  lgT7  tpoint  B  on  Iignit  s  •  No  othe:  si.ri.nv  obset vat  lens  o! 
wind  speed  weri  -vailabK  lor  eonpirlsen  to  the  adai  data.  Ilow-nei,  NOVA  t;«>i»  e’ui.iiss.im-;*  aiterat  t 
s-sueond  avet  aped  wind  speed  estimate,  made  at  an  altitudi  of  ssO  r'  wore  aval  table  toi  tills  time 
period  l  Sheet*.,  X.-  l->78)  i'ir-if  lOmparlson  o.  t  tie  .aireiatt  wind  ..peeds  and  the  WARS  tad.it  wind 

speeds  is  Jit  t  leult  bev  lu  .e  ot  differ,  lit  al'itude.s.  aver.igi  tg  'ir.H*s,  and  lei-itions  et  ;,.e  ne.isuie- 
nk-nts.  We  r  i  du.  eh  tin-  air. raft  fllgit  level  wind  sp. , ,o  a  stirta.i  le-’e!  wind  speed  ioi  eonp.it  l  son 
to  the  W.ARF  radar  estimates.  The’  aiiii.i't  measurements  were  made  along  N-S  end  F-W  axes  diteited  tin  nigh 
the  storm  .enter.  '.lie  aireratt  rK-.isurura.  tit s  neatest  lliu’WARr  ralar  rou.isuromunt  s  were’  used  to  i  .  i  lm.it  i 
the  sui  I  a.  e  wind  Speed*  We  eowputed  the  sutt.u.1  winu  spe.ni  t  r  -r;  the  .iliiintt  mensuriTient  s  using  l  rntio 
relntlng  the  upp,  i  level  grndient  wind  to  the  suit. no  level  wind,  tsiug’  the  two  l.ivei  intdoin  tigf-)) 
marine  bonnd.irv  Inver  model,  F.i  sbi  rrv  at  al.  til’s)  .imputed  the’  i.itlo’o!  the  wind'  at  the'  top  of  he 
upper  la  vet  to  the  wind  at  the  top  ot  tie  surt.ne  lavor  tor  Ji'fiieit  legions  o.  the  burr .  .mv ,  'i’.er- 
ent  surfnee  roughness  and  different  ratios  at  heat  eondu.  t  ivits  to  eddv  v  i ...  1 1  v .  This  ratio  tang  s 

from  about  O.A  to  O.Ss.-  The  lower  values  represent  regions  neai  i  he  ,  .  aV  wind-..  We  assumed  tie’  •<  A -m 
jireraft  w  mi  w.is  representative  of  the  wind  at  the  ton  ot  the  epper  Vuet  and  re  dm  ed  it  to  t  Its-  sui  aoe 
level  using  u  ratio  ot  0.7, 

Vlu  agreement  ae  i  ween  the  WAF.K  radar  imi  aii.ratt  w.tid-  .iinrcitod  to  ..ut.iii  is  ,-ood.  this  *  onp.u  i  - 

son  Is  not  intended  as  a  te..t  of  the  tad.it  te.hnigue.  llu  ,uipo-.e  **  this  i  o*»p.n  i  son  ».is  to  nemonstiate 
'hat  the  WARK  radat  estimntis  oi  wind  speed  ire  ipait  reasonahli  »p.d  an  i  o":.  i  m  ran  i\  ditteieut  than  the 
ipper  level  wind  speed  estimates. 
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Surface  current  measureraents  vote  wad*  it  the  WAR V  rad  ?r  JuntK  the  periods  30  V*i;ust  tluoi<h  2  Septoi'bet 
W?  and  4-5  September  1477.  The  •vasuroments  were'  roadt  .tlon^  the'  western  pes  t  ion  of  the  louistana 
coastline  as  shown  bv  the  sh  sided  r,  r.iou  in  figure  D'a.-  Two  Jus  after  Anita  et  o..sod  land,  t»vpk.il  storm 
Babe,  a  weaker,  short-  lived  storm  developed.  The'  Ira,  ks  of  \mta  and  babe  are  also  >how.*  We  used  the' 
land  echo  anpearin^  lu  the  Doppler  spectra  to  ronov«  ionospheric  mot  u' n  otto%t’  from  v'xi r  d»  a.  Smith  v*v) 
measured  the  « urro  .t  speed  and  direct  ton  dui  .ik  this  sanx  yvtiod  at  i  location  .it  prosimatelv  21.'*  km  ot  i 
the  Port  0* Comte i,  To\as  coast  Tv,'  re-'orili.t  utrunt  me:er*s  wore  si.  pioved  at  two  and  ten  motets  .*bo\v' 
the  bet  too  t*»  approxim.«t 'ly  17  mere»s  of  watei The  1  ’nutsl  ofi  ^pon*  ut  ol  .surienf  measured  bv  Smith  m 
a  2-houi  interval  at  this  location  is  shown  bv  tie  .ol  '.J  li.u  tn  Finite  10b  Positive  values  udveafe 


motion  toward  6J°.  The  measurement**  ot  surface  current  made  by  the  WAkt  tadar  are  shown  bv  dots  In 
Figure  10  (b>. 

before  Anita  developed,  the  current -me  let  record  shows  currents  ot  10  to  JO  vm/s  moving  toward  bJ°.  As 
the  peripheral  winds  ot  Anita  impacted  the  toastal  regions,  the  an  tents  reversed  direction  in  response  to 
the  winds  and  steadily  increased  to  a  maximum  value  of  approximate  Iv  80  ,  tu/s  directed  ivwaid  JsJ°.  After 
the  storm  made  landfall  oh  2  bvpteiube**,  the  magnitude  ot  the  cut  rent  deerctsed  until  late  on  *  September  . 

At  this  time,  a  not  tie**  liK  tease  in  the  current  magnitude  was  observed.  Final Iv,  the  current  reveised  di¬ 
rection  back  to  bJ  on  b  September.  The  two  vuiretU  maxima  tound  on  l  September  md  >  September  were 
caused  by  hurt  l cane  Ai  lta  and  Babe.'  The  WARF  radai  cstinalts  are  in  govxl  agreement  with  the  ,  uit ent-met or 
obaervat  ions Again,  direct  quantitative  comparison  is  not  possible  because  ot  the  large  sep^rat  ion  in 
distance  between  the  two  measur  eraent  s .  The  WAKF  t adar  meant r emerits  welt  made  appi oxiiuate lv  J90  km  up 
0Ov.st  from  the  current -meter  records.  Anita  travkeu  approximate i v  parallel  to  the  coastline..'  The  pei- 
pendicular  distance  between  thi  two  mease  t  croon  t  points  and  the  1 1  at  k  are  appioximatelv  equal,  and  we 
lh*refoie  observe,  as  expected,  simllat  magnitudes  but  a  dltlcieut  phase  ot  the  longshore  cm  rent  at  ea,  h 
measurement  pome.'  The  V’ARK  radar  estimates  ot  the  current  ptecede'  those  measured  bs  the  meter.  In 
addition,  tn*  nrrewis  gt  leiated  bv  babe  ate  greater  at  the  location  ot  the  WAKF  tadai  measurements  than 
at  the  location  ot  the  v orient  meter. 

1  J.  JMMARY 

Spatiallv  averaged  hurrUane  wind-speedy  wt nd-direi t ton,  and  wave-height  -si  ifi.it es  made  at  *he  uAKF  toi 
Anita  were  compared  to  point  me asui  etneucs  made  at  NDRO  buovs  and  bv  r  oconna  issarn  e  aliiiatt.  Agreement 
was  within  the  nominal  measurement  accuracy  of  all  the  censors.  Sut :  a*,  e  curient  'Measurements  made  bv  other 
sensors  coincident  with  the  tadar  measur et tents  ate'  lave,  Comparison  ot  p*>int  cut  tent  measurement  ’jade 
nearly  290  km  apait  during  Anita  b\  the  WAKF  radat  and  moored  open-oi  ean  , uirent  .'ictti*  show  reaso  able 
agreement.  The  WART’  data  set  is  not  limited  to  the  results  presented  in  this  paper.  Oihe:  aralvse  ot 
the  radar  lam  that  were  lu.t  obtained  in  the  vninitv  oi  the  btiov  a~e  also  available.  These  txpetiments 
indicate  that  during  a  hunUane,  HF  skvwave  radar  can  provide  operational  surtave  data  that  ate  as  awiu.il 
as  the  au,e  recognised  in-sltu  measurements,  l  he  supportive  smUnt*  data  supplied  bv  the  WAKF  radar  wou  id 
prove  paitlcuiatlv  usetul  for  tracking  during  eat iv  formative  stages  ot  hurricanes  when  multiple  ^ enters 
wav  be  observed  or  when  citrus  shielding  muv  obscure  visual  location  hv  satellite  cloud  photographs* . 

The  high  resolution,  large  *  overage  area,  real-time  steering  and  continuous  monitoring  capabilities  ate 
unique  to  skvvave  radar.'  The  hurt  Wane  data  obtained  r.om  skvwave  radar  complements  data  obtained  tror* 
satellites,  am  tat  t,  and  buovs. 

ACKNOWi  FIK1MFNT8 

This  work  was  -i.  ‘'ported  bv  the  Art  For.e  Ofti.e  ot  S,  luntitli  Reseat,  h  tAFOSlO  undet  Contra, t  N  F9oJ0-Tb- 
0-0021  and  the  National  Oceanic  a  tic.  Atmospheric  Vdmlnist  r  at  ion  IN0AA>  under  Contra  t  No.  0i-~-.'JJ  '>11.  We 
gratetullj  a,  knowledge  the  heir  et  C.  i.  iassmeve** ,  W.  freuss,  u .  lomlin,  and  C.  Cowell  ot  SKI  in  lle*ting 
data  at  WARK;  p.  Went  over  »nd  V.  We»r  *ot  w*trim*  the  ie»l-tr*"e  -  <”'n  1  tin  uu*  post -pi  ess  r  »**•  s.'MuiU" 
and  8.  Richards  and  d.  King  for  tvping  the  manuscipt. 

RFKFKFNC: S 

BARNVM,  J.  R. ,  J.  W.  Mait,.ca,  Jr.,  .»nd  S.  M.«  SereHem,  Id??,  "High-Resolut  ion  Mapping  .ot  Ooeatii.  Wind 
Flells  with  Skvwave  Rtdar,"  IFFh  Trans,  on  Antennas  and  Ft opago t  ion,  AV-J5,  pp.  US-HJ'. 

BARRICK,  D.  F.,  "First -order  Theorv  and  Analysis  ot  MF'hl  YHK  s.attei  From  the  Rea,”  IFFF  Trans 

Ott  Antennas  and  Ftopagation,  A '-JO,  p”*.  J - 10-' 

BARRICK,  D.  K.,  >k>'*Jo,  "Remote  Sensing  of  Sea  State  bv  Radar,"  Remote  Sensing  ot  me  l  r  oposnhoi  e ,  V.  1. 
Derr,  ed.,  V.S.'  Government  Fcln’ing  Otlice,  Washington,.  !>.  0. 

BARRICK,  0.  t.,  J.  M.  Headrick,  K.  W.  Bogle,  and  !>.'  Ctvnbio,  l  v>  7  *♦  %  "Sea  ha.ks.attet  at  HF*.  Interpre¬ 
tation  and  I’ti  lifation  of  the  Fcho,"  Proceedings  et  the  1FFV,  <»J,  pp..  b?'-bS0. 

BARRICK,  D.  V  i977»i,  "Extract  ion  ot  Wave*  Fat.imet.is  * .  v»m  Measured  Mi  seu-i\ho  ’VnpUu  Spectra,/’  Rrdro 
Science,  Vol.  1J,  pp.  **IS-**J4. 

BARRICK,  D.  F..  ,  M.  VI#  Fvans,  and  B.  1.  Weber,  la  iVtobcr  1 "0,  ean  Surtave  Currents  '.apped  b\  Radar,/1 
Science,  Vol*  198,  pj  llS-ls'*. 

BARRICK,  i>.  F..,  *9;?b,  "Trs.'  Ocean  Wave  height  Nondirectional  Speitrus  trom  Inversion  ot  the'  MF  Sea-Kho 
Doppler  Spectrum,’1  Remote  Sensing  ot  Invironment,  Vol.  b,  pp.  J0S  J  ’ . 

‘.'aKKICK,  D.  E.'  and  S,.  J..  Li  pa,  1978,.  *W<  ,n  Surface  Features  Observed  bv  HF  Coast  a  1  Ground-wave  Radars*  A 
Progress  Review,  ’*  Ocean  Wave  1 1  im.it  e,  M.  *0  larle  and  A.-  M.iisl.oti,  vd-.;Flenu."  Publishing  Company ,  Neu  Yor  kx 

C..RDONE,  V.  d,t  I9b9,  "Specification  of  the  Wind  Dtstr « but  iv»n  in  the  Marin,  Boiardarv  lavcr  tor  Wav,*  Fore¬ 
cast  lag,"  Report  Tk  9-1,  G'eopnvs.'  Soi.  lab..  New  York  I’nlveisitv  NTIS,  No.  AD?v'J's90. 

CARDONE,  v.  J . ,  D.  P».'  Ross,  and  >1.  R.  Ahrens,  December  ll-lb,  197?,  "An  Ibcpe^iment  m  Foreiasttng  Hurri¬ 
cane  Generated  Sea  States,”  Froceedirv^s  _ot  the  \ \  Ur  Technical  Conference  ,ot\  Hurricanes  am*  "topi,  ii 
Met  ecro  J  o^\* ,  Miami,  FI  or  i  da . 

CARTK^NE,  V,'  J.,  and  D.  B.  Ross,  1978,  "State  of  Art  Wave  Fiedutions  and  IXsta  Requirement  *. , "  u"  i\  ean 
Way#?  Climate,  M.  D.  Earle  and  A.  Malahoff,  Eds.  O' lenum  Fablishing  Company New  York'4. 

CR0MBIE,  D.  D.,  1955,  "Doppler  Spectrum  ot  Sea  Ecro  at  il.'b  Mc-s,”  Nature,  \oi.  I'N,  ppl  b81 -bSJ'. 


Jo-b 


ELSBEKRY,  K.  L.,  N.  A.  S.  Pearson,  L.  B.  Corgnuti,  Jr.,  1974  ,  "A  Quasi-Emplr  ical  Model  of  the  Hurricane 
Boundary  Laver,"  J .-  Geophvs ■  Research,  Vol.  79,  pp.  3033-3040. 

EWING,  J.  A.  1969  ,  "Some  Measurements  of  the  Directional  Wave  Sped  turn,"  .).  Marine  Research,  Vol.  37, 
pp.  163-171.. 

GEORGES,  T.  M .  and  J.  W.  Ma*‘esca,  Jr.,  "The  Effect  ot  Radar  Bcainvldth  on  the  Quality  of  Sea  Echo  Doppler 
Spectra  Measured  with  HF  Skyvave  Rai.ar,"  accepted  hv  Radio  Science. 

I1ASSELMANN,  K.  D.  B.  Ross,  F.  Muller,  and  W,  Sell,  1976  ,  "A  Parametric  Wave  Prediction  iodel,"  J.  Phys.- 
Oceanog. ,  Vol.  6  pp.  300-338. 

LIPA,  B.  a.,  i977a  ,  "Derivation  of  Directional  Ocean-wave  Spectra  hv  Integral  Inversion  of  Second-Order 

Radar  Echoes,"  Radio  Science,  Vol.  13,  pp.  435-434. 

LIPA,  B.-  J.,  197/b  ,  "Inversion  of  Second-ordei  Radar  Echoes  from  the  Sea,"  J.  Geophvs.  Research,  Vol,  83, 

pp.  959-963. 

LONGl'ET-HIGGINS,  M.-  S.,  !).  E  Cartwright,  and  N.  !)..  Smith,  1 9t, 3  ,  "0hserv.it ions  of  the  Directional 
Spectrum  of  Sea  Waves  I'sing'  Motions  of  Floating  Huov,"  Ocean  Wave  Spettra,  pp.  111-1)6,  (Prentice- 
Hall:  Englewood  Cliffs,  New  Jersey). 

MARESCA,  J..  W.,Jr.,  J.  R.  Barnura  and  K.  L.  Ford,  1976  ,  "HF  Skyvave  Radar  Measurements  of  Coastal  and 
Open  Ocean  Surface  Currents"  (Abstract  ,  paper  presented  at  the  1976  Annual  Meeting  of  ISNC.TRS!  Cniversitv 
of  Massachusetts,  Amherst,  Massachusetts,  O'  to  her  11-15.- 

MARESCA,  J.;  W. ,  Jr.  and  k.  ’...  Ford,  19/6  ,  "HE  Skvw.ve  Radar  Me.isuremt ntof  the  Surface  Current  in  the  North 
Pacific"  Ocean,"  Technical  Note  RML-TN-9,  Stanford  Research  Institute,  Menlo  Park,  California. 

MARESCA,  J.  W. ,  Jr.  and  C.  T.  Carlson,  1977  ,  "Tracking  and  Monitoring  Hurricanes  hv  HF  Skvvavo  iLniar  over 
the  Gulf  of  Mexico,"  Technical  Report  i,  SRI  International,  Menlo  Park,  California. 

MARESCA,  J.  W. ,  Jr.,  1978  ,  "High  Frequency  Skvwave  Raoar  Measure:.:.-:.  •  of  Waves  and  Currents  Associated 
with  Tropical  and  Extra-Tropical  Storms,"  Ocean  Wave  Climafe,  eds.  M.  D.  Carle  and  A.  Malahof  (Plenum 
Publishing  Company,  New  York).- 

MARESCA,  J.  W. ,  Jr.  and  C.  T.  Carlson..  1978  ,  "Tra.king  and  Monitoring  Hurrio.mos  hv  HF  Skvwave  Radar 
Over  the  Gulf  of  Mexico, "  Final  Ke>ort,  SRI  International,  Menlo  Park,  California. 

MARESCA.  J.  W.,  Jr.  and  R.  Paddcii,  "HF  Radar  Measurements  of  the  Tidal  Currents  in  San  Francisco  Bav." 
in  preparation. 

MARESCAi.  J.  W. ,  Jr.-  and  T.-  M...  Georges,  "HF  Skyvave  Radar  Measurement  of  the"  Ocean  Wave"  Spectrum," 
submitted  to  J_.  Geophvs .  Research . 

MARESCA,  J.  W.,  Jr.  and  J.  R.  Barnum,  "Remote  Measurements  of  tiie  Position  and  Surface  Circulation  of 
Hurricane  Elolse  hv  Skyvave  Kad3r,"  accepted  by  Monthly  Weather  Review.. 

MI  TSCYAS'C,  H.,F.-  Tasai,  T.-  Svhar.i,  S.  Miruno,  M.  Ohkusu,  T.  Honda,  and  K.  R.kiishi,  1975  ,  "Observ.it  ions 
of  the  Directional  Spectrum  of  Ocean  Waves  i’sing  a  Clover  Loaf  Baov,"  .1.  Phys.  tXeinog.,  Vol.-  5,  No.-  ■*, 
pp.  750-7oO. 

ROSS,  D.  S.,  1976  ,  "A  Simplifiea  Model  for  Forecasting  Hurricane  Generated  Waves"  (Abstract),  Bu_ll_. _ Am.- 

Meteoro1 .  See.,  presented  at  Conference  on  Atmospheric  and  Oceanic"  Waves,  Seattle,  W.shirgton,  March  39- 
April  3,  1976  American  Meteorological  Society.; 

ROSS,  D.  B.  and  V.  J.  Cardono,  1978  ,  "A  Comparison  of  Parametric  and  Spectral  Hurricane  Wave  Prediction 
Products,"  to  be  published  in  the  Proceedings  of  "NATO  Symposium  on  Turbulent  Fluxes  Through  the  Sea 
Surface,  Wave  Dynamics  and  Prediction,"  Marseilles,  France,  September  13-ln,  1977  (Plenum  Publishing" 

Company.  New  York).- 

SHEETS,  R.  C.,  1978  ,  "Hurricane  Anita  -  A  New  Era  m  Airborne  Research,"  Manner's  Weather  1  'g ■  Vol.  33, 

No.-  1,  pp.  1-8. 

SMITH,  N.  P. ,  1978  ,  "Longshore  Currents  on  the  Fringe  of  Hurricane  Anita,"  J.  Geophvs.  Research.,  Vol.- 

83,  No.  C3,  pp.  oO-W-6051.- 

"SRI  Retnot;  Measurements  Laboratory  Research  C'apabilitl.  '  "  brochure,  Stanford  Research  Institute, 

Menlo  Park,  California  1977  . 

STFWART,  R.-  H.-  and  J.  K.  Joy.  1974  ,  "HF  Radio  Measurements  of  Surface  Currents."  Peep-Sea  Research,  \ol, 
31,  pp.  1039-1049. 

STEWART,  R.  H.  and  J.  R.  Barnum,  1975  "Radio  Measurements  of  Oceanic"  Kinds  at  Long  Ranges:-  An  Evalua¬ 
tion,"  Radio  Science,  Vol.  1J,  pp .  853-857. 


SPECTRAL  DENSITY 


I4TU 

LONGITUDE 


1UU 


<JU 


m 


—  “Vw 


FIGURE  I 


COVERAGE  AREA  OF  THE  WARF  HF  SKY’-’AVE  RADAR.- 
in  the  Gulf  of  Mexico. 


All  Anita  measurements  were  made  west  of  88°  U 
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FIGURE  2  AVERAGE  SEA  ECHO  DOPPLER  SPECTRUM  RECORDED  WITHIN  35  KM  OF  THF  CENTER  OF  HURRICANE  ANITA 
AT  2343Z  ON  AUGUST  31.  1977 
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FIGURE  2  EXAMPLE  OF  TWO  SYNTHFTIC  DOPPLER  SPECTRA  (b)  PRODUCED  FROM  TWO  INPUT  WAVE  SPECTRA  (a)  WITH 
THE  SAME  DIRECTIONAL  DISTRIBUTION  AND  RADAR-TO-WI ND  DIRECTION,  BUT  DIFFERENT  TOTAL  WAVE 
ENERGY  (0.02  Hz  re:.olution) 
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FIGURE  4  WARF-MEASURED  TRACK  OF  HURRICANE  ANITA  PRODUCED  FROM  THF.  RAPAR  WIND  MAPS 
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FIGURE  7  COMPARISON  OF  TUF  WARF-DEKIVED  WIND  DIKEl TUG’S  (-*•!  MADE  b'FTV'EF.N  7 1  1 .« 7.  ON  AUGUST  31,  l«77  AND 
OUJOZ  ON  SEPTEMBER  1,  1977  AND  11IF  EB- 71 -DERIVED  W<ND  DIRECTIONS  (  *)  MADE  BETWEEN  0600’’  ON 
AUGUST  31  ,  1 977  AND  1800Z  ON  SEPTEMBER  1,  1977 
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FIGURE  3  COMPARISON  OF  THE  WARF-DFR IVT.D  WIND  SPEEDS  -■/■;)  MEASURED  BETWEEN  71  Ur  ON  AUGUST  11,  197  7 
AND  0070Z  ON  SEPTEMBER  1,  i9/7  AND  TME  ED- 7 UDERIVED  WIND  SPEEDS  (m/O  MEASURFD  BETWEEN 
OftOOZ  ON  AUGUST  31,  1977  nnd  iSou.’  US  SEPTEMBER  1,  19?, ; 
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FIGURE  f  DAII.V  ESTIMATES  OF  SIGNIFICANT  WAVE  HEIGHT  FOR  HURRICANE  ANITA  MADE  AT  THE  WARE  \DAR 
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FIGURE  10  LOCATION  (a)  AND  RESULTS  (b;  OF  WARF  RADAR  AND  CURRENT  METER  OBSERVATIONS  MADE  DURING  HURRICANES 
ANITA  AND  BABE  (30  AUGUST  -  6  SEPTEMBER,  l"/7).  Continuous  current  record  reproduced  fiom 
Figure  2  of  Smith,  N.  P. ,  (19 T8) . 
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This  paper  describes  inversion  methods  for  HF  radar  sea-echo  Doppler  soectra,  giving  parameters 
of  the  ocean  wave  spectrum  in  the  important  long  wavele  lgth  region.  Radar  spectia  exhibiting  very  narrow 
spikes  in  the  higher-order  structure  adjacent  to  the  first-order  lines  are  indicat've  of  ocean  swell  with 
a  single  dominant  wavelength;  it  is  shown  how  to  interpret  such  a  radar  spectrum  to  give  swell  period, 
dircccion  and  rms  waveheight.  When  the  higher-order  echo  peaks  are  more  spread  in  frequency,  a  simp’s 
model  for  the  swell  yields  a  closed-form  expression  for  the  four  second-order  swell  peaks;  parameters  id¬ 
entifiable  from  this  model,  in  aduition  to  swell  rms  height,  direction,  and  dominant  period,  include  the 
angular  spread  ard  frequency  spread  of  the  swell.  Finally,  when  the  swell  Doppler  peaks  are  quite  spread. 
It  is  shown  how  to  use  integral  inversion  to  give  Fourier  coefficients  of  the  ocean-wave  spectrum  as  a 
function  of  ocean  wavelength.  At  a  given  wavelength  these  coefficients  are  interpreted  in  terms  of  a 
cardioid  model  for  the  angular  distribution  to  give  the  mean  wave  direction  and  the  angular  spread.-  In 
no'-mal  surface-wave  experiments,  the  major  source  of  error  or  noise  is  the  random  surface  height  of  the 
sea;  we  describe  the  resulting  statistics  of  the  radar  soectrum  and  trace  the  propagation  of  uncertainty 
to  the  derived  ocean  parameters. 

1.  INTRODUCTION.- 

(a)  HF  Radar  Scatter 


Crombie  (1955)  discovered  the  mechanism  behind  HF  radar  sea  scatter  nearly  25  years  ago  by 
spectrally  analyzing  the  received  time  series..  Using  the  gravity-wave  dispersion  equation  that  relates 
the  velocity  to  the  square  root  of  the  ocean  wavelength,  he  correctly  deduced  that  the  twi,  sharp,  sym¬ 
metrically  positioned  Doppler  peaks  were  produced  by  those  ocean  wavetrains  exactly  half  the  radio  wave¬ 
length,  moving  toward  and  away  from  the  radar.  We  now  call  these  obvious  peaks  the  "Bragg  lines”  since 
the  mechanism  producing  them  is  the  first-order  Bragg  effect.  When  theories  confirmed  this  mechanism 
(Wait,  1966;  Barrick,  i972),  and  showed  that  the  strength  of  these  echo  peaks  is  proportional  to  the 
heights  of  the  corresponding  Bragg-. nattering  ocean  wavetrains,  scientists  became  enthusiastic  about  the 
prospect  of  using  HF  radars  to  measure  sea-state  parameters.  In  order  to  directly  observe  the  interesting, 
long  ocean  waves  (e.g. ,  swell)  that  are  the  essence  cf  "sea  state"  directly  by  this  first-order  Bragg 
effect,  one  would  have  to  operate  the  radar  in  the  lower  MF  region;  huge  antenna  size  requirements,  heavy 
spectrum  utilization  in  this  reglo,-,  and  ionospheric  problems  all  dictate  against  such  a  system  (Barrick, 
1^78;  barrick  and  Lipa,  1979a).  At  mid  and  upper  HF,  the  first-order  Bragg  peaks  are  produced  by  the  less 
interesting,  shorter  waves,  and  hence  using  these  alone,  radio  oceanographers  resigned  themselves  to  ex¬ 
tracting  only  Wind-direction  information  because  the  short  waves  align  themselves  quickly  with  the  wind 
(Long  and  Trizna,  1973;  Stewart  and  Barnua,  1975).- 

The  more  sophisticated  radar  systems  and  digital  signal  processors  of  the  mid-sixties  showed  a 
lower-level  spectral  continuum  surrounding  the  first-order  Bragg  peaks  that  was  definitely  established  as 
sea  echo.  Barrick  (1971,  1972)  derived  a  theoretical  expression  for  this  continuum,  showing  that  it  was 
explained  as  second-order  ocean  wave-wave  interactions.  This  power  spectral  density  vs.  frequency  mani¬ 
fested  itself  as  an  integral  containing  a  product  of  two  waveheight  directional  spectra,  the  arguments  of 
which  were  the  double  Bragg-interacting  wave  vectors.  This  gave  scientists  hope  th3t  the  integral  could 
be  inverted,  yielding  directional  inormation  of  the  more  interesting,  longer  ocean  waves  (swell)  from 
measurements  at  -  single  HF  freque  icy.  Hasselmann  (1971),  however,  observed  that  i.f  the  kernal  of  the  in¬ 
tegral  (called  the  "coupling  coef: lcient")  were  a  constant,  the  second-order  spectral  continuum  would 
nearly  replicate  the  ocean  nondirectional  spectrum,  tnereby  yielding  no  long-wave  directional  information., 
Barrick  (1977a, b)  developed  and  tested  an  approximate  technique  that  yielded  this  nondirectional  info-ma¬ 
tron  for  longer  waves  (i.e.,  waveheight,  dominant  wave  period,  and  the  nondirectional  spectrum)  by  combin¬ 
ing  the  two  second-order  peaks  surrounding  each  Bragg  line;  indeed,  the  results  proved  to  be  relatively 
insensitive  to  direction.  Maresca  and  Georges  (1979)  developed  an  even  simpler  method  to  obtain  wave- 
height  by  combining  the  energy  in  both  second-order  spectral  sidebands;  again,  this  process  renders  the 
results  insensitive  to  direction.  All  of  this  suggested  that  extracting  directional  information  of  long 
waves  from  che  second-order  echo  might  prove  elusive  (even  though  swell  height  and  per.od  we-e  obtainable). 


bipa  (1977,  1978)  was  the  first  to  show  that  directional  information  can  be  derived  from  the 
second-order  echo,  even  though  she  concentrated  on  tne  wind-wave  region  (rather  than  swell),  and  used 
a  model  that  separated  the  directional  and  frequency  dependences  as  independent  multiplicative  factors.- 
Often  the  directional  dependence  is  dependent  on  wavenumber,  as  when  one  or  more  swells  and  wind  waves 
with  different  wavenumbers  arrive  from  different  directions;  hence  this  model  is  not  generally  valid.  An 
example  if  illustrated  in  the  sea-echo  Doppler  spectrum  of  Figure  1,  where  second-order  wind-wave  and 
swell  peaks  are  both  present,  and  are  from  different  directions. 


This  paper  shows  that  swell  direction  (as  well  as  height  and  period)  may  indeed  be  derived  from 
the  second-order  sea-echo  spectral  peaks.  This  reversal  in  outlook  -etilts  from  closer  examination  of 
models  of  the  radar  Doppler  spectrum  produced  by  swell,  which  shows  that:  (i)  the  positions  of  the  echo 
swell  peaks  vary  slightly  with  a  swell  direction;  (ii)  the  amplitudes  of  the  echo  swell  peaks  depend 
fairly  strongly  on  the  coupling  coeffioent,  and  this  in  turn  is  shown  here  to  vary  significantly  with 
swell  direction.  Consequently,  we  have  been  able  to  develop  analytical  techniques  for  extracting  swell 
height,  directior,  and  period,  and  in  some  cases,  angular  and  frequency  width  of  the  swell.  This  is  done 
for  a  variety  of  models,  applicable  for  situations  from  one  extreme  where  the  swell  has  a  very  narrow 
frequency  and  angular  distribution  to  the  case  where  swell  directions  and  frequencies  span  a  wider  range. 
Closed-form  expressions  are  derived  for  two  situations,  and  a  general  inversion  technique  is  presented  for 
a  third-  Expressions  permitting  estimates  of  errors  in  these  parameters  are  derived  and  presented. 


(b)  The  Nature  of  Swell 


.14-: 


"Swell"  Is  used  loosely  bv  mariners  to  refer  to  the  longest  waves  present  at  a  given  time  on  the 
ocean,  In  contrast  to  "chop,"  or  the  shorter,  less  organized  waves.-  Oceanographers  technically  define 
swell  as  waves  produced  by  storms  in  another  ares  and/or  at  an  earlier  rime  (Kinsman,-  I4o5),  In  continst 
to  "wind  waves’1  that  are  being  constantly  generated  by  local  winds,  swell  waves  appeal  more  organized 
(their  quasi-sinuaoidal  nature  permits  the  identification  of  a  direction  and  period)  and  genera' '  have 
longer  "eriods.-  Although  severe  storms  or  hurricanes  will  often  directly  arouse  these  long-per  on  waves, 
recent  studies  (Hasselmann  et  al.,  19?6)  show  that  they  are  also  generated  from  energy  transfer  uue  to 
higher-order  tonllnear  interactions  among  the  shorter  waves.  For  example,  20  m/s  (-40  knot)  winds  should 
directly  excite  waves  with  periods,  T,  no  'onger  than  12.8  s  (i.e.,  to  first  order  T  »  2fv/g,  where  g  is 
the  acceleration  of  gravity  and  v  is  the  wave  phase  velocity,  whose  greatest  value  corresponds  to  waves 
which  Just  keep  up  with  the  wind).  Swells  with  periods  between  10  and  18  seconds  am  nearly  always  ob¬ 
served  on  the  oceans  even  though  local  winds  may  be  quite  low. 

For  this  analysis,  we  include  as  sweli  any  waves  whose  periods  exceed  9  s  (or  whose  frequencies 
are  less  thou  0.11  Hz).-  While  thl-,  definition  generally  includes  waves  oceanographically  categorized  as 
swell  above,  we  select  this  definition  here  beesuse  waves  lying  in  this  region  of  the  oceai  spectrum  a' low 
considerable  simplification  of  the  second-order  Doppler  spectrum  above  mid-HF.  As  a  result,  ve  can  linear¬ 
ize  the  integral  equation  and  in  some  cases  employ  simple  swell  models  to  derive  cioscd-form  e\pressions. 

The  simplest  swell  model  is  the  limit  of  "old"  swell,  where  tae  flnite-slzed  storm  generating 
trea  recedes  to  infinity  in  distance  and  past  time:  in  this  limit  the  swell  waveheight  directional  spectrum 
becomes  an  impulse  function  vs.  wave  frequerev  and  direction,  such  a  model  is  usually  applicable  when  the 
storm  area  was  greater  than  2000  km  distant  from  the  observer,  and  will  be  shown  to  produce  a  Doppler  spec¬ 
trum  also  consisting  of  impulse  functions.;  "New"  swell  refers  to  waves  fros  a  storm  area  whose  distance 
from  tht-  observer  was  not  much  different  from  the  dimensions  of  the  patch  itself;  this  is  somewhat  analog¬ 
ous  to  being  in  the  near  field  of  an  antenna.  An  example  Is  taken  from  a  situation  existing  at  a  recent 
II. S.  Pacific  coastal  HF  radar  experiment  site,  where  observed  >wol  1  was  explained  by  after-the-fact  ne’en- 
rologlcal  analyses  (called  "hludcasts") .-  Tltese  hind-asts  —  while  admittedly  crude  pictures  —  showed 
that  swell  in  this  case  wa-  generated  from  a  storm  approximated  to  lie  fn  a  rectangular  area  b.SO  km  x 
740  km,  whose  leading  edge  at  the  wind  cessation  was  925  km  from  the  radar.  Simple  hindcasting  methods 
showed  that  at  the  ocset,  waves  from  this  srorm  ares  were  '■1.07  m  high  (rms),  had  a  mean  per‘>d  of  >-14  s 
(wsve  frequency  '''.071  Hz)  but  a  spread  of  -.02  Hz  about  this  mean;  In  audition,  wave  directional  spread 
about  the  mean  was  MO’.  For  this  situation,  the  "impulse  function"  model  for  swell  was  ac  ;n  to  pielu 
Inaccurate  results,  but  a  narrow-band  finite-beam  swell  model  analyzed  below  pioduced  the  correct  inter¬ 
pretation.  For  even  closer  "near-field"  swell  situations,  the  swell  spectrum  is  so  spread  that  even  these 
finite-width  models  are  inadequate;  in  this  case,  full  inversion  of  the  integral  is  called  tor. 

2.  THE  RADAR  CR0S?  SECTION. 

We  consider  narrow-beam  radar  systems  with  vertical  polarization  directed  at  or  near  grazing 
incidence.  Vertical  polarization  is  the  only  case  of  importance  because:  (i)  ground  or  surface-wave 
radars  require  vertical  polarlratlon  to  attain  reasonable  propagation  distances;  (il)  the  horizontally 
polarized  component  of-  scatter  from  the  sea  is  several  orders  of  magnitude  lower  ti.an  vertical,  so  tliai 
even  sleywave  radars  effectively  discriminate  only  the  vertical  mode  for  sea  echo.-  Karrick  (1972)  gives 
the  following  -elation  for  the  first-order  average  radar  cross  section  per  unit  surface  area  0(,v)  at  a 
Doppler  shit c  w  from  the  carrier: 

d<l^(w))  “  2%k"*  T  S(-2m£  )5(u-  -  uO  (1) 

o  - , ,  o  B 

nril 

where  £0  is  the  radar  wave  vector  of  magnitudt  kp,  S  is  the  directional  ocean  wave  spectrum  and  is  the 
first  order  Bragg  frequency  given  by 


with  g  the  gravitational  acceleration.  The  first-order  spectrum  described  by  (1)  consists  of  two  impulse 
(i.e.,  Dirac-delta)  functions  symmetrically  plat  •!  about  the  carrier  frequency  at  positions  defined  bv  the 
deep-water  dispersion  equation,  and  with  amplitude  proportional  to  the  directional  ocean-wave  spectrum  at 
the  Bragg  wave  vectors  12k  ,  as  shown  In  Fig.  1.  In  practice,  the  first-order  lines  are  displaced  from 
their  Ideal  positions  because  of  underlying  ocear.  currents  and  spread  over  a  finite  frequency  band  due  to 
current  turbulence  and  system  effects. 

The  analogous  second-orde-  radar  cross  section  and  the  iirectional  ocean-wave  spectrum  are  re¬ 
lated  by  a  nonlinear  Integral  equation  given  by  Barrick  (1972).;  We  express  this  equation  In  the  following 
form: 

CO  V} 

o{2)(uj)  -  26nk^  y  J  /  |Tj  -  m’.  gkT)S(rak)<;(m’li,)kdkdO  O) 

m,m’“il  o  -n 

where  the  vectors  £  and  £'  obey  the  relation 


mk  +  m’£'  *  -2k  .  (4) 
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The  quantity  T  is  a  coupling  coefficient  which  lncluiea  the  effects  of  both  hydrodynamic  and  electromagne¬ 
tic  nonlinearities  carried  to  second  order  in  a  perturbation  theory.  _ 


Hari  Vk  and  Snider  have  shown  that  the  sea  echo  voltage  speettutt!  attei  1  uni’li*  averaging 

is  V  Square  d l»ti  ibut c.‘  th  N  decrees  ot  freedom.  Urey  also  sho*»  that  iVpplet  *\  „  *  t r  •*  iboth  Mist  .uni 
second  oiueil  become  ur.cot  f  ela;  ed  ter  time  Intervals  greater  than  ippi oxloat elv  Jo  «ctouds  toi  ladai  !te- 
quern  lea  greater  than  10  MHr  *.  and  that  lVppi.*t  spectra  from  dittcieut  range'  cells  aie  *»t  at  1st  it  at  l '  luae 
pendent  to  spatial  separations  is  swill  as  v  \m.-  these  expei  intent  a  1  result*  mav  be  used  to'  optimise  >  tie 
aSKHiiU  ot  in.ohereut  averaging*  la  practice,  at  least  10  and  normal  Is  nvie  than  100  spectra  ate  lu.yhe: 
eutlv  aver  aged  bet  ere  unalvais. 

I  he  t r vst-orde*  echo  *s  used  t**  lineal  ice  the  literal  equation  as  follows  it.  an  appt  o\tmat  ion 
valid  at  upper  H  T  tor  higher  sea  stales  ie.g.,  at  *s  MPc  Svt  ruts  ocean  waveheight*  greater  than  *J.s 

Kor  small  values  ot  k '►  l?  follows  iron  that  the  vector  k*’  is  uppr o\ imatel v  equal  to  t tie  Bragg  v*\e- 
o 

vector.'  The  second  o.  can  wpectiul  l  av  tot  in  the  integi it  equal  ion  t,  O  mav  thi  retore  »*e  removed  bv  not 
mall  ring  the  secoud-ordei  »|Hvtr*ir*  bv  l  tie  power  in  the  netghboi  lug  tUst-order  peak,  'M»  not  oal  l  c  at  Ion 
sv  ieae,  proposed  a.ul  implemented  bv  BarrUk  1 1'*.*  J-.bl  linen  ires  the  integral  and  temove*»  unknown  *»V8.te‘-* 
gains  ,:Uv.  pith  * 'ssew  from  the  data. 

Because  ot  pteviouslv  dlSvUssed  tiequencv  smear  i*  p;,  we  integrate  the  n\  ond-oi  det  >pev  1 1  i.m  ovei 
a  r  in  tte  tiequemv  window  »>«  Ihe  eueigv  in  the  tlist-oidet  lire  *:»  obtained  bv  tut  egi  at  tug  .o\  ei  a  mo' 
queue v  window  ot  width  N  ,  whiji  can  convenient l v  be  taken  as  the  width  between  the  halt- power  points.  We 

Soon  detine  the  following  exper  iraentai  par  araetci  s  * A 
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vo' 


When  we  e*elov  models  to  describe  the  .-veil  fas  ro  the  Mrs*  two'  case?  4oi*»tdeied  below''*  s'  is  the  width 
of  the  $c*»ond~ eider  swell  peak.  1:*'  tills  ^se.  v**  have  integrated  out  the  tie.p.env',*  and  are  on,  riued 

onl”  w*th  Mto  ene**gv  in  the  i'onptev  peaks*  tot  this  ,sr»e,  we  redeime  t  ,  f..'  m  vt>'  above  as  t  Unit 

m.K 

we  .to  omplete'  u.ver?  ion  o.t  the  tntcgisl,  hvwcvet  ,  ras  us  lv*o  tbnd  vase  below',  **'  b  *.  at  se  the 

tirst'i  ,’i?i  peak  wtdta  determines  the  ultimate  tiequcu,  1  u's.q.n  Un\  attainable  in  the  ln\eisio*o  proves*. 
<ubscu-tlng  expressions  vl^  and  f*'  toi  the  tust  and  "4*v ond-oi dei  radar  cross  sections  into  it*' 
the  ap'n  .xiwate  linear  integral  equation. 

,e*v  . 

K  ,  ".'f -tn»gk  -  m*  >  gk* fuk'kdv  dkd*  .  i  ' 

ra,?.  y  n , m 


We  also  detine  and  emplov  the  derivative  ot  v*l,  l.e.,  Kr  ,f  '  this  is  ideuti«al*\  V 'N  hot  with 

m ,  m 

the  integral  pvrs  *"  removed lhts  quant  ttv  vies-  *  ibes  the'  ••h-p»es  ot  tt»ui  t  ad«t  « .  no'  fiequernv  pvas-  vs. 
IVppler  !*equencv,  «aacd  on  the  linear  icing  appr  Ovimat  ion  disvussivi  ibv*vey  Ihes**  tow  p'eaks  as 
presented  bv  the  tour  combmat  .ons  w.ia*  »  \  will  be'  seen  to'  be  p«»s  1 1  toned  tve  «  a«  h  aiouini  the  two 

tlist-oidei  Bragg  lines,  as  suown  exper  lirent  a  1 1\  in  1  rg.  1.  h*  v.urtrast  witn  ptevl.'u'*  impr  ess  ions  in  tW* 
lift  rat  uie,  the  ei  q'ling  coetfieteut  in  the  above  expression  varies  s  igu  r  t  u  ant  l  s  with.  dMv.tuui  l'*  tin.. 

were  net  so,  it  would  ^e  ease  to  s’n  w  fi.e..  it  ,  were  ..uistant'  that  the  t.uu  iVppiet  »'v  »'  swell 

o.rr 

pt*  »ks  defined  lu  f’l  would  ail  have  the  -arae  amplitudes  and  shap'es,  m.ikiug  it  duri.ull-  t  v»'  e\tr  nt  »*• 
swell  pataroetors.  More  relevant  Jot.nils  about  the  Cv'up'llug  v»hM  t  to  sent  are  i.uuu*  in  the  \p‘'peo.di\. 

In  the  next  section*  vv  show  now  to  invert  equation  f1'  to  give  the  o.eau-waw  dire4tiorxl  sp»ee 
t  rum.  Fir*'  standard  error  in  the  derived  parameters  depends  on  the  data  .»  oval  lane  e  matrix.  I'o  dei*ve  thi.*, 

we  note  that  is  del  mud  in  equation  toi  to'  be  the  ratio  ot  sut,  s  ot  \*  power  sj'evtral  samples  and  i** 

therefore  itself  »  random  variable  w»  ich  follows  an  K  .list  r  ibut  ton  \Bart  lek,  It  »  be  uuuieratv'i 

ano  denominator  are  sums  of  M  and  N  ii.dep'endeut  samples  respe,  i  is*el\  m  tin*  limit  ot  large  *.  the  V 

vilstr  ibut  ion  becomes  \*  with  an  effective  number  of  degrees  ot  tree.ha  .  given  bv 

«* 


Lower-case  R's  are  used  to  denote  measnre.l  quantifies  while  upper  case  ate  :  heoi  el  ic.- 1 ,  script  K's 
denote  total  eiurgv  in  the  peak  while  block  R*s  denote  the  actual  peak  function  ilselt 


1/M  +  1/S  . 


Satrick  ami  LI  pa  tl979b>  show  theorvl  lcallv  that  povvr  spectral  values  at  diftotviit  IX-ppU't  t  requeue  !«-s  are 
statistically  independent .-  The  covariance  matrix  ol  a  set  ot  tatios  K  ^  Is  therefore  diagonal  with 
elements  given  hv :• 

^i.f^l.j-'  *  V  *»•  V  •' 

.1.  ,  t't"  KAll  ON  TO  tVEAN  SWELL. 

We  onsider  ocean  waves  with  tempotal  pet  UHs  larger  than  9  seconts.  Such  waves,  when  genet  at ed 
bv  storms  at  great  d'stances,  result  In  a  wave  tleld  characterized  bv  a  verv  narrow  bard  oi  wave  •lenien¬ 
cies  and  directions;  ,he  ocean-wave  spectrum  mav  then  otten  be  modeled  as  impulse  tun,  lions  in  wavelength 
ami  direction.-  Eor  a  storm  center  at  closet  range,  the  wave  direction  and  trequenev  sptead  is  small  but 
finite,  and  a  nat row-hand,  narrow-beam  node!  yields  a  useful  closed-form  result.  Eim-llv,  a  roixtute  of 
swell  and  wind  waves  mav  be  present  with  a  spectrum  which  is  hroadlv  distributed  in  both  wavelength  and 
direction.-  We  show  how  analysis  of  the  radar  spectrum  allow-  one  to  distinguish  between  these  possih'li- 
t  ies,  aeJ  determine  ocean-w..vt  parapet  rr..  and  thelt  associated  statistical  errot . 

,.al  Swell  of  a  Single  Wavelength  and  Direction 

We  write  the  total  w.iveheight  spectrum  at  a  wavevectoi  t  as  the  sum  ef  a  continuous  vtud-wavo 
spectrum  S^fSc1  and  a  swell  component  which  is  an  impulse  function  in  waveveclor  space:- 

St<.l  -  S  i(.l  ♦  lr.'tk  iL  1  til" 

V  S  S 

where  H  is  the  rms  wavehoigtu  ot  th<  swell  and  k  is  the  swell  vaveveotor  whKh  has  magnitude  k^  and 
propagat  ion  angle  with  .espect  to  the  radar  beam  vi.e.,  a  wav  from  the  radar'.  When  this  sport  turn  » •» 

substituted  into  the  integral  equation  the  tight  Itand  side  separates  into  a  » out  muons  wind-wav* 

spectrum,  ct oss-spoct ral  terms  due  to  the  interact  ion  of  swell  and  wind  waves  given  bv 


$ ("*  m«  gk-m' »  gk  *  Id  iirlk*  k  Ikdkdnd’ 


and  tennis  due  t’  the  swell  interacting  with  swell.  Ihe  latter  terms  can  be  seen  to  be  a  veiv  resonant  phenom¬ 
enon  which  tot  given  swell  period  and  dnection  can  onl\  he  observed  at  a  single  tadu  operating  t  re¬ 
queue1  that  o.vut  s  at  lower  MV,  well  below  our  tange  ot  considerat  ion  here  ^’.ev.  ,  upper  HF^ .  !tn  tiist 
set  o!  terms  leptesenting  wind-wave  'v md-vave  intet act  ions  occur >  at  IVppitr  frequencies  further  tens".**! 
trom  the  Bragg  lines  than  the  swell  peaks  isce  Fig.*  O  and  thus  lie  outside  the  range'  ,ot  cons ider at  io». 
here,  theii  inversion  is  treated  elsewhere  tBaiiiok  and  1  ipa*  t^'da,M.  11. us  the  cioss-spe  Mai  terms  as 
represented  b\  ill'  vwher^'  the  wind-wave  spectrum  has  already  been  divided  out  m  the  normal  .  **••1  ion  de- 
lined  b\  fb' »  contain  t  lie  swell  information  that  will  be  used  in  tins  p.tpei 

Ihe  mtegiat  ion  in  ill'  mav  be  performed  immediat  el  v  using  the  delta  unction  cons' r.»,nts  on  the 
uuegrattor  vai i rbles.  Four  sharp  spikes  .occur  in  the  IVpplei  spectrum  vi:h  Moquen,  ics  and  powers  given 
b\ 


,c  ,  -  nv.  +  m  -f  Ac*.. *cosd  ■+  .  1 
m,m  s  .  s  B  s  s 


*  .‘gk  ,  and 


where  •  ,  is  evaluated  at  k  and  k’  obtained  Mom  (.*♦>.  For  tvpical  UK  ladai  Mojuonctos  k  sv  ^  %  and 

*51,31  S  *. 

it  to  Hows  tiom  that  the  swell  peak  frequencies  arc*  close  to  the  Bragg  f  r  oquet  v  v  »  •  .'gk  ,  not  mall  v 

'  *  ;*  *  o 

“♦v  r  ring  in  the  null  between  the  first-order  line  and  the  peak  of  the  vino-wave  spectrum  r,sce  Itg.  1'. 

*•  e  d<  t  fne  A.»  tv  be  the  radian  freouenc\  lisplacement  between  the  wo  swell  peaks  surrounding  the  appioa*- 
hing  Btavg  lino;  likewise  for  A.  with  respect  to  the  two  swell  peaks  surrounding  the  receding  Bragg  litre'. 
I  ’!  i  mates  of  swell  spatial  wovenumber  and  direction  mav  be  nade  from  the  peak  frequencies  ^  1  '  through  the 
♦  qwat 4  oils 

k  -  t,‘  H-'-d  *  V.-V  tu' 

s  lt>e 


,  -1 

a  *  cos 
s 


(  Au,  +  lV>  )  ^  / 


(15) 


.he  values  of  .1  ,  are  calculated  by  finding  the  centroid  frequency  of  the  opecc>-ul  peak  bo¬ 

rn, ft 

tween  the  half-power  points..  Earrick  (1979)  has  calculated  a  general  expression  cor  the  standard  devia- 

2 

tion  of  a  centroid  frequency  for  a  specttun  which  has  X  statistics.-  This  expression  is  insensitive  to 
the  exact  shape  of  the  peak;  if  we  therefore  assume  a  Gaussian  form  for  convenience.-  he  shows  that  the 
standard  deviation  of  the  frequency  estimate  is 


Sd(.o) 


A  la 
2\!y 


(16) 


where  N  is  the  briber  of  s<t;nplos  contained  within  the  half-power  width,  K  is  the  number  of  independent 
sper tra  used  ir.  the  sample  -verage,  and  A  is  the  frequency  spacing  (radlan/s)  between  adjacent  spectral 
-^ints..  The  corresponding  errors  in  '"he  estimates  114)  and  (15)  for  nnd  *  follow  from  linear  error 
propagation  theory  (Brandt,  197'!) 

VTT  x 

gV  -  (1 

and 


Sd(es) 


*  8, 


r \A 


,  +2  4- 

Hbo)  -  Ao> 


sin9  (Au> 


+5(%V 


for  sinC  *  0.: 


(18) 


The  uncertainly  in  the  estimate  of  wavenumber  is  generally  small;  that  in  angle  can  be  large  because  of 
the  differencing  of  snail  frequency  shifts  in  equation  (15). 

In  an  i '-..-.^endent  analysis  oased  on  the  amplitudes  of  the  swell  peaks,  expressed  theoretically 
in  equation  (13),  wc  use  the  maximum  likelihood  method  (Brandt,  1970)  to  give  estimates  of  swell  wave- 
height  and  separate  independent  estimates  of  the  angle.-  fhe  following  expression  is  minimized  with  respect 

to  6  and  H  : 
s  s 


I(?s’V  -  £ , 

m,m 


(* 


m,m 


(19) 


where  1  ,  are  the  measured  values  of  the  energy  in  the  four  Ooopler  peaks,  defined  bv  (6),  and  where  the 

m,rc 

variance  of  R  ,  is  defined  bv  equation  (9).  Thus  we  minimize'  the  sum  of  the  weighted  squared  deviations 
m,m 

of  the  experimental  values  of  T  ,  (including  random  fluctuations)  from  the  ideal  functional  form  to  give 

m,m  ^ 

the  optimum  values  8g  and  Hg.  The  residual  I^^.H^)  obeys  an  approximate  distribution  and  we  use  a 

X~-test  on  tht  validity  of  the  ocean-wave  spectral  model,  (10 tig  If  the  value  of  I(Os>Hg)  is  too  large, 

the  assumption  of  this  model  must  be  reconsidered  and  more  general  models  used.  These  models  are  con¬ 
sidered  later  m  this  section. 


To  obtain  the  standard  deviations  in  the  derived  parameters,  we  expand  equation  (13)  in  a 
Taylor  series  about  0g,Hg  to  give  the  approximate  expression  for  the  variation  in  the  residual  with 
distance  from  the  optimum  in  the  absence  of  noise: 


.2, 


AR  ,  =  4H  r  , |  fiH  +  2H 
m,m  s 1  m,m  s  s 


m.m1  * 


66 


w  ich  may  be  expressed  in  the  matrix  form: 


(20) 


where 


AR  =  MAE 


(217 


*1.1 
*1.-1 
I  *-1.1 
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|5h 
!  s  i 
i«6„ 


M  -  i 


4h  !  r 


s  -i,-r 


2H2  ^l:'l,li->  i 

s  ~  36  ! 

S  j 
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2H 


s  ae 
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Brandt  ( 1  s* 7 0 )  shows  that  when  the  elements  of  <H  are  determined  by  the  maximum  like’ihood  method  n(  mini¬ 
mizing  the  expression  (19),  the  covariance  matrix  C-  follows  from  the  covariance  matrix  C  defined  in 
equation  (9)  through  the  equation 


Cf  *  ( K '  r"1  M)-1  (22) 

and  the  standard  deviations  of  and  0g  are  the  squate  roots  of  the  diagonal  elements. 

(b)  Swell  of  Harrow  Frequency  and  Angular  Spreads 

V.'e  now  consider  a  model  in  which  the  swell  13  assumed  to  have  a  finite  but  narrow  Gaussian 
spread  In  wavenumber  about  a  mean  wavenumber,  kg,  and  is  spreau  in  angle  according  to  a  cardioid  function 

of  power  s  about  a  near  direction  (‘  .  Thus  we  define  the  model  for  this  ocean  waveheiglr.  spectrum  as 


S(k) 


,  (k-kg)2 

H'T (s/2  +  1)  exp[ - j — 1 

VE)  +  ~TF>  ' 

2  (s/2  +  1/2) 


(23) 


where  T  (x)  Is  tne  gamma  function  or  argument  x.  The  second  term  is  the  swell  spectral  model  used,  and  it 
is  normalized  such  that  its  energy  !s  equal  to  the  mean-square  swell  waveheight 


i.  e. 


oo  y, 

/  I  dk  /  des  (k,0)  =  H~  . 

'  s  s 

O  -11 


This  model  cou’d  be  applicable  when  the  Doppler  swell  peaks  are  spread  considerably  beyond  the  hai. --power 
width  of  the  first-order  peak,  but  are  still  relatively  narrow  with  respect  to  their  frequency  shift  from 
this  first-order  echo.  This  could  also  be  discovered  because  the  large  residual  given  by  (19)  indicates 
that  the  double- impulse-function  model  is  nor  providing  a  good  fit  to  the  data. 

The  half-power  wavenumber  width,  k^,  and  the  half-power  angular  spread,  of  this  model  are 
simply  related  to  the  parameters  0^  and  s  bv 


Si 


2/2? n2 


o, 

fc 


an<! 


0H  -  4cos‘1(a/2)i,,S). 


(24) 


Often  the  nondirectional  wavehelght  spectrum  is  measured  with  a  buoy  from  a  time  series  of  the 
wavehelght.;  In  this  case,  a  temporal  spectrum  is  obtained  rather  than  a  spatial  spectrum  (i.e.,  vs.  »> 
rather  than  k).  For  a  narrow-band  swell  peak,  the  half-power  widths  of  the  two  are  related  by  means  of 
the  gra\ ity-wave  dispersion  equation  as 


*Ti  * 


(25) 


where  u>  -  >  gk  ,• 
s  s 

Upon  substituting  (23)  into  (7)  for  R'  ,(,.'),  we  car.  arrive  a  closed-form  solution  fur  the  swell- 

echo  Doppler  peaks  by  eliminating  the  double  Integral  as  follows:’  (i)  we  employ  the  delta-function  con¬ 
straint  along  with  the  relevant  Jacobian  to  eliminate  one  of  the  Integrals;  (li)  we  employ  asymptotic 
techniques  vi-e->  the  saddle-point  approximation)  to  perform  the  remaining  integration.  The  approxima¬ 
tion  involved  In  the  second  step  produces  the  following  result  which  is  no  more  than  5?  in  error  under 
the  following  “narrow-band"  swell  assumptions  (for  swell  whose  period  is  greater  than  9s  and  radar  fre¬ 
quencies  greater  than  10  IQlzl:  .»•  /fc>s  <  0- 3  and  0^  w  60"  (s  '  20). 


R  ,  expi-  <*2n2(u>- 

OfSl 


“;m,m,r/u!DH/ 


(26) 


where 

above 


the  peax  positions  w>  ,  are  identical  to  those  of  the  Impulse  function  model  given  by  (12).; 
n: 

yields  R  , ;  this  quantity  is  given  by 
n)|>B 


expression  is  nortaalirrd  so  that  the  integral  ove*. 


The 


where 


'4-  * 
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Mu' 


C‘h 


I-’  al 


Ara) 


"  I  is/.’  *■  i/:; 

T\s  +  O 


i'os  {■?/■!  '.1J 


The  square  of  tlte  IV'ppI  el  peak  ha  1  f  -  ('o'- e  r  utdtli  i«  loaptised  of  two  teinia,  one  l  i-au t  lnq  t  rota 
the  finite  ftiquencv  spread  of  the  wavehelght  ape.trum  ami  -'tie  ptoduivd  hv  its  tinlte  angular  spiead  Ji.e,, 

4;  *  4.f  *  4h’’t  w!ere 


+  nv.1  cost* 
n  .*  ' 


'dflK  H 


. 

R  H  S  S 


t-'Ra  V 


1HU! 


.'sin:'  , 
s  8  s 


,  .%*  V  OS* 

B  B  •* 


where  all  '  s  <tk  In  rauiaus  ?*  and  v  is  in  ladinns.  All  p'autlties  In  these  equ*t  ion**,  have  be*  n  Jet  ined 
p  l  e  v  l  out*  l  v  i  t*  t  e  t  tus  o  t  t  he  swe  1 1  »m  t  ame 

There  tie  several  interesting  implication.**  (ot  u’n>  lot  toe  tern  iVpplet  neaks  and  the  subsevjuent 
equations  that  -tvuul  oe  noted** 

ill  The  leak  tentroids  or  maxima  ocusr  ...t  the  same  positions,  ♦ »  as  those  to;  the  impulse  tutu  t  ion 

i:i,  m 

moJ*  l.  lienee  one  can  solve  1,'r  the  swell  pet lod  fi.e.,  k  ot  ..  )  and  ditevlion,  ,*  b\  tolving 

s  s  s 

1. 1  . >  and  ll4  for  tin  spa.-inga  between  too  IV'pplri  t.woll-poak  i-.ut  ro  Ida . 

(ill  1'ii  Irrqiu-n.i  aptaad  of  t  he  swell,  . ,  do.-s  not  appu\  tai'lv  alien  tin-  energv  d is!  i  itmt  lei's  in 
toe  IV'ppler  peaks,  as  tepie  tented  l"-  £  tn  ihowa.v  d i re. t lens  1  spread,  !  ewevei  ,•  d.i.-a 

aito.t  this  quant  Its,  In  the  limit  ot  the-  impulse  tnm-tlon  in  a  UR  1 e  *  -'1,  t,.' ',tl  la  seen  to 

leduee  ldeiui.illv  to  till.  in  pra.  lire,  having  let ermtiled  ,,  v.,ud  knowing  .  >'i\e  would 

S  s  « 

numerUallv  solve  the  integral  U"a)  t^ee  the  \pt'«*ndi\),  and  then  etuplox  mavimui.  likelihood  methods 
Jixvussed  in  the  preceding  section  fbut  with  iJ?a'>  to  de'eunine  swell  height,*  H  ,*  independent 

estimates  ot  direction,  *'  ,  and  eat  mutes  '!  the  angle  spreading  paiametet.  s. 

(itO  Of  the  two  ,v  otur  ibutors  to  finite  iV'ppl  er  spevttal  peak  width,  the  one  ptodtneJ  in  l  mite  swell 
trtqueiuv  Sinead  dominates  lot  near l \  all  practie.il  swell  situations,  .is  seen  h\  voropatmg  t-'Sal 
with  For  example,  voi  the  "new"  swell  geomet  t  \  desciibed  a**  tvplv  al  in  the  lu:  todtn  t ’on, 

it  can  be  seen  that  '  lh  implvln>»  that  "PUF*  t he  width  of  .the  swell  «\  ho 

IVppler  peaks,  »  ,  van  he  related  direct  lv  to  the  t  •  eoneiu  v  width  sptead  it  the  swell  spevtiutu* 

OH 

.c^ ,  d  i  i  ee  1 1  v  t  hr  ou gh  l ' 8a ) . 


tv  ^  Oeneial  l...ersi>n  for  Swell 

It  the  radar  spevtrum  cK'se  tv'  the  fiist-order  lines  has  a  b;  oad  d  i  st  i  ibut  ion  ,<  rathei  than  disp.a  inq 
narjv'w  peaks,  we  use  a  genets!  istversion  t?ethv'vi  which  applies  to'  bo*h  swell  atui  wmd^generat evl  seas  itte 
v'i  ea;v~vave  spevttum  is  expanded  as  a  finite  Fouriei  se  ie*>  >;•  angle  with  voettulents  whult  ate'  tutu  t  um> 
v>t  vavemunbei ; 


where 


*  u 

Slk*  ^  V  N  v  tkUf  .  \  ' 
“  l— «  1  1 


tf  **  v'v'S(  l*1'  i  '  0 
*  siuwO>,  i  s  0 


We  assume  the  ocean-wave  spec t  mm  is  constant  within  \  wavi'nimsbet  bands  k  ^ - C  ,  ' 
1^9)  lito  the  integral  equation  which  reduces  tv'  the  lir.eat  form  fot  c  :* 


k  4vv  J'  attvl  substitute 
1  1 


where  the  coefficients  are  given  bv 


U« 


.  U>  * 


r  * 

i  i 
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The  integral  in  ill'  is  performed  numerically  using  a  method  developed  bv  tipa  (. 1 9 7 7  i .  lhe  values  os 

the  coef f if ients  K  ,  for  negative  values  of  i  ar--  very  small  because  the  coupling  eoeftieient  is 
1  Itxa 

an  even  tunc  ton  <f  angle,  and  the  frequency  vontoers  defined  bv  tin-  delta  function  constraint  are  almost 
circular.-  Kor  i  -  0,  tfj('d)  is  an  odd  tunc. lot;  of  angle  and  it  follows  that  the  lntegtal  in  til'  is 

nearly  zero.  1.  is  therefore  impossible  to  obtain  the  corresponding  values  of  c  tor  1  >  d  bv  Invetting 

O').-  This  constraint  applies  to  e  narrow-beam  rad.at  with  a  single  look  direction,  it  can  be  c  it c convent ed 
bv  using  two  or  more  look  angles,  or  tv  use  of  the  rotating  broad  beam  antenna  described  bv  Baritck  and 
Upa  (1979b).  Values  of  the  even  Fourier  coefficients  mav  be  obtained  bv  inverting  the  linear  equations 
(10)  using  met  hoes  developed  bv  Fhillips  (19ti3)  and  Tvorae'  t)9o))  and  pteviouslv  applied  to  rajai  sea-echo 
inversion  bv  Llpa  ( 1  ** 7 7 i  and  Barrick  and  Ltpa  (1979b).  The  lumber  of  Fourier  coefficients  that  can  be 
derived  with  adequate  accuracy  from  a  given  data  set  depends  on  tbe  random  iiuctuations  of  the  data  and 
the  magnit  ic.it ion  of  error  that  occurs  during  the  inversion  process.-  he  have  inverted  measured  data  to 
,  ive  the  first  three  even  Fourier  coefficient?  c,(k),  c  (k) ,  c,(k)  with  adequate  accuraci  (l,ipa  ct-  al.« 
1979).  U  1 

The  r.c.-.jirectiona!  coefficient  c^(k)  is  merely  the  ocean  waveheight  noiidtrec  t  tonal  spectiuta, 
since  it  follows  from  (39)  that  c'^tk)  is  tie  Integral  or  the  directional  wave  spec  f :  nm  ovei  angle.-  The 
directional  eoeffic ients  c ^ ( fc )  and  c'. (k)  do  not  admit  to  a  quick  interpretation  in  terms  of  Mpoitunt 

directional  parameters  such  «s  the  dominant  or  mean  wave  direction  Barrick  and  lipa  (1979h)  sh >w  how 
thev  mav  bn  interpieted  in  terms  of  the  c ardioid  pouel  for  the  angulai  dlstribut tosi  which  gives  the  depend- 

s  /  tMs  \ 

ence  at  a  given  wavelength  as  cos  I  -- , —  )  where  0  is  the  wave  angle  at  a  sslectci  direction.-  This  model 
requites  that  the  following  relations  be.  obeyed:- 


c1(k) 

c-0lkT 


(s+3) 


cost1 
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cLs1s:-JL_ 

(s+3 ) ( s+s) 
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Estimates  c'  s  and  8  at  each  wavenumoer  may  be  determinee  by  fitting  these  equations  to  the  values  of 
c'^(k)  obtained  bv  inversion  of  the  radar  spectrum.  The  angle  t1^  can  then  be  inieipreted  as  the  mean  wave 
direction.-  Since  only  the  even  coefficients  e^,  Cj,  and  c,  are  derived  from  the  above  general  inversion 
process,  a  unique  determination  of  0  and  a  is  not  alvays  possible  without  additional  informat  ion.- 

4.  CONCLUSIONS. 

Our  analysis  reverses  the  impressions  given  by  prior  works  on  the  extraction  of  sea-state  p„tara- 
eters  from  HF  radar  echoes,  in  that  it  shows  that  long-wave  directions  can  be  determined  from  the  second- 
order  echo.  The  resulting  techniques  also  produce  more  accurate  estimates  of  scell  height  and  period  Cha" 
chose  reported  previously.  The  reason  for  this  is  that  both  the  second-order  Doppler  peak  positions  and 
their  amplitudes  (the  latter  being  proportional  to  che  coupling  coefficient)  are  shown  to  vavv  with  swell 
direction.-  In  other  words,  bv  recognizing  that  swell  direction  enters  into  the  problem,  more  accurate 
estimates  of  height  and  period  are  obtainable,  as  well  as  the  direction  itself.-  A  model  suitable  foi 
narrow  band/ beam  swell  allows  the  direct  extraction  of  the  swell  angular  beamwidch  and  fiequencv  b.  nd- 
vidth  also.  Expressions  for  the  errors  in  these  estimates  are  derived  and  presented. 

The  three  techniques  presented  here  —  including  the  two  closed-form  modeis  we  derive  —  have 
been  successfully  tested  against  measured  data  from  three  sepaiate  experiments;  they  have  been  .ompared 
with  several  alternate  sources  of  "surface  truth"  [Lipa  el  al.,  19801.  The  analysis  of  the  vast  amount  of 
data  there  is  extensive,  sr.d  draws  heevilv  upon  the  models  and  methods  presented  here.  Our  purnose  In 
this  paper  is  to  derive  and  present  simple  models  and  methods  that  have  been  proven  against  data,  along 
with  a  discussion  of  how  and  when  to  use  them.  Ke  derive  error  estimate  expressions  for  out  results,  and 
show  how  tt-  use  maximum  likelihood  principles  specifically  tor  the  swell  models  employed  here.  Thus  the 
paper  Is  complete  for  understanding  and  should  provide  all  the  fools  a  user  needs  to  extract  svell  fiom 
narrow- beam  second-order  HF  sea-echo  Doppler  spectra. 

A  couple  ot  limitations  should  be  noted.  First,  a  single  narrow  beam  —  while  able  to  extract 
a  surprising  amount  of  swell  directional  information  —  is  unable  to  distinguish  from  which  ride  of  the 
beam  the  swell  originates  (because  of  the  appeatance  of  only  cost)  everywhere,  and  not  sin;'g)..  Therefore 

unless  one  can  scan  the  beam  (or  employ  multiple  beaas),  he  is  forced  to  guess  or  use  additional  informa¬ 
tion  to  remove  this  ambiguity.  Secondly,  it  has  been  assumed  that  only  a  single  rwell  from  a  single 
direction  (but  allowing  for  a  spread  in  angle)  la  present  at  a  given  wave  frequency  for  the  two  models 
derived.  If  two  Doppler  peaks  can  be  tesolved  In  the  data  representing  diffetent  swell  frequencies  aid 


directions,  then  each  can  be  handled  separately  using  '.he  models.  If,  however  .-'veils  from  different 
directions  are  suff'ciently  close  in  wave  frequency  that  thev  cannot  be  separately  distinguished  in  the 
Doppler  records,  then  the  single-swell  models  urn  likelv  to  give  spurious  results.  Such  a  situation  would 

be  signalled  by  the  X'-test  applied  to  the  residual,  (19),  indicating  a  poor  fit  of  tue  r  del.  Also, 
other  internal  consistencies  normally  obso.ved  (e.g.,  the  agreement  of  directions  obtained  from  peak 
positions  with  those  obtained  from  maximum  likelihood  on  the  peak  amplitudes)  would  fail.  In  this  case, 
full  Inversion  (i.e. ,  the  third  method)  must  be  employed. 
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Normali?ed  Doppler  Frequency  to/fe 


Figure  1.  harrow-beam  sea-echo  Doppler  spe  trum  at  9.i  MHz  measured  at  San  Clemente  island  on 
December  a,  1972.  1114-1156.;  Thirteen  204.8-second  spectra  were  averaged  to  produce  this 
lesult,  illustrating  the  first-order  Rragg  oeaks,  second-order  swell  peaks,  and  second-order 
wind-wave  peaks.  Independent  buoy  observation  showed  14-second  swell  of  .76  m  sipnifi  ant 
height,  along  with  wind  waves  having  1.83  m  significant  height. 
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Figure  2.-  Polar  olots  of  normalised  coupling  coefficient  (divided  b\  k'),  , for 
'  o  m,m 

13-second  swell  at  two  radar  frequencies.  Plots  are  c-.-  v  ,  the  an  tie  between  the  radar 
look  direction  and  the  swell  propagation  direction.  Potted  curves  give  cos'  function 
for  comparison.-  For  positive  Doppler  sidebands,  0  in  above  plots  is  measured  iron  +x 
axis;  for  negative  sidebands,  trom  -x  axis.- 
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AN’ENMX 


In  addition  to  the  petitions  of  the  four  Doppler  wweli  echo  peaks,  .  h.-ir  amplitudes  and  energy 
depend  upon  swell  period  and  direction.  Thi*  is  most  obvious  from  the'  'mpuluo  function  model  ot  (11),  and 
also  for  the  narrow  beaa/band  model  from  (.’7).-  It  is  the  coupling  coefficient  that  produces  these  dir¬ 
ectional  effects  on  the  amplitudes.-  Conversely,  if  one  were  to  ire.  the  coupling  coefficient  rs  a  con¬ 
stant,  ir dependent  of  swell  direction  and  period  as  suggested  in  previous  works,  manured  data  could  not 

be  explained  by  the  resulting  model,  am!  the  most  lop,  r  tan:  swell  parametet  ,  namely  height,  could  not  In¬ 
accurately  extracted. 

To  illustrate  the  strong  dtnctlon.il  dependence  of  the  coupling  coef  f  lcient ,  wo  show  plots  of 

this  quantity,  j ,j‘,  v*.:  0  in  Fig.  2  for  a  typical  HF/sweli  example:  II  s  swell,  at  both  H’  and  20  HHr. 

m,m  r ,  , 

These  plots  are  normalired  to  k',  the  radar  wave-nun  her .  Shown  also  is  the  cos'll^  inaction  for  e  o...pa  risen 

The  amplitudes  of  the  four  spectral  peaks  for  the  impulse-function  mode-1  ol  swell  are  diiectlv 
prope'rt tonal  to  this  coupling  coefficient,  from  (11).-  line  can  clearly  see  thorefote  that  these  amplitudes 
will  vary  greatly,  even  disappeaiing  when  the  swell  propagates  perpendicular  to  the  radar  beam.  This 
strong  variation  is  observed  in  measured  data  and  is  respoisible  for  the  success  of  swell  parameter  ex¬ 
traction. 


The  reason  for  the  asymmecric  I ront-to-back  shapi  lies  with  the  existence  of  the  first  term  • ho 
electromagneti.-'  interaction  e,  feet)  of  the  coupling  coett  icleut,  (S).  Fven  though  the  hvdrodvinuiii  *uter- 
action  term  (the  second  term)  is  larger,  one  clearly  cannot  neglect  the  e lei  tre "Hague t  lc'  term.  For  ll  two 

> 

first  term  were  zero,  the  coupling  coefficient  would  have  the  cos'i1^  form  and  there  would  be  no  front -back 

asymnetrv..  In  that  event,  the  odd  directional  cosine  coefficients  c^,  c,,  etc  contained  in  the  wavelu-igh! 

spectrum  (29)  would  ho  indeterminable.  lo  other  words,  one  would  not  be  able  to  distinguish  swell  at 

from  swell  at  180*-<‘  .  As  it  is,  a  single  narrow  beam  can  extract  c„ .  c, ,  c,,  c,,  and  posslblv  highci  odd 
s  0  12  1 

coefficients  if  the  data  is  not  too  noisv. 

The  physical  mechanism  under lv lug  this  asvmraetrv  is  of  interest.  In  •me  direction  (that  with 

the  larger  lobe),  the  radical  in  the  firsc  term  ot  (S)  is  real,  i.o.,>l‘E’  *  .-  This  means  that  the 

intermediate  electromagnetic  wave  interacting  with  the  two  ocean  waves  ol  wavev ectoi s  k  and  t'  (one  of 
which  is  the  swell  waveveetor)  is  "propagating",  ami  the  electromagnet io'  and  hvJrodvuamie'  tons  are  then 
seen  to  add  in  quadrature.  In  the  other  direction  with  the  smaller  lobe,  tn.wover,  the  argument  ot  the  radi¬ 
cal  is  negative  and  hence  the  radical  Is  imaginary,  l.o.,,  iTT-TT1  -  v -TT^T’ |  *  i » *|T,  *  K  *  j .  In  this  case  the 
intermediate  electromagnetic  wave  is  not  propagating,  hut  "evanescent":  then  the  elect romagnet io  and 
hvdrodvnsmle'  terms  are  no  longer  in  quadrature,  but  are  in  pba; .-  and  subtracting.-  In  tin-  toraci  case,  an 

approximate  f  ictor  for  the  coupling  coifficient  at  the  laiger  lobe  maximum  Is  l  +  (  'S1  ,  while  in  tin-  latlci 

"'ll 

the  appropriate  (actor  at  too  smaller  looe  maximum  is  | l  -  I  .  At  the  point  where  OR’  -  0,  the  intei- 

“B 

mediate  electromagnetic  wa -t-  Is  hound  to  .l.o  suiface,  piopagat  lng  along  this  boundarx  with  no  energy  scat¬ 
tered  upwards;'  for  this  singular  i  t  tin  t  ‘  on  the  ocean  raves  with  ft  and  R'  arc  propagating  at  right  angles 
to  each  other,  wh'ch  has  given  -Iso  to  tic  terminology  "lOinei  lellectoi"  etlect.  li.c  hi  tin, I  intermediate 
wave  lor  this  case  is  known  in  elect romagnet ic  theory  as  the  "Wood's  anomaly." 

Looking  at  Fig.  2,  It  is  tempting  to  suggest  that  the  upper  and  lower  plots  aie  identical  11 
flipped  around,  line  might  go  turther  and  s.iv  that  the  .oup’tng  coeif lcient  can  he  model.  <1  aciuratelv 

1  >S  *" 

bv  a  cos"*'  pattern  who.ee  amplitude  t  act  or  in  one’  diteetton  is  II  f  (,  *  l  |  and  in  t  ho'  ot  hoi  is  |I  -  S I  ;• 

“h  “M 

this  would  rosul  t  in  ,»  olosod-1  orm  solution  to  (.'71.  Howovoi  .  this  slmpl  II  K.u  Ion  would  produce'  idon  io.il 
sots  of  Popple**  peaks  surrounding  onoh  ol  the  two  • irst-ordet  Ntugg  peaks,*  and  this  has  boon  obsoiveJ  in 
measured  data  not  to  he  the  ease  Sot  joosd  :  v  l».  S  jlipa  *(  al.,  l°S0|.  d’.osci  oxaniin.it  ion  of  t  ho  oupling 

coefficient  a  as  p sotted  in  Fir.  shows  f  h.  t  tor  example,  at  ,cosi‘^  -  0.‘»  ti.o.,  -  vO"  and  t  ho 

values  of  the  smaller  lobes  uiffei  as  much  as  JS*  Itom  each  othoi.  Ihi*-  is  sut  t  io  lout  to  produce  dgul- 
r  leant  error  in  the  swell  parameter  extraction  process.  thereto* c,  one  shout*1  omp|o\  i  ho'  exact  expesdon 
fi  '  the  coupling  coeii lcient  in  (l^,  (?7>  -n  d  in  the  full  Intogial  turns  l  on  pi ocoss .•  The'  coupling  i«uln 
dent  can  be  calculated  quicklv  -mi  the'  computer,  ;  i  hipa  and  'hit  tick  |il^7‘,i  provide  a  simple  FORTRAN  code 
that  ons  been  successful  lv  tested  for  calculating  this  turn  f  ion.- 
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U'NNl  L  1RVNSM1SSION  \NI>  SI  Rl  U1  \\  W!  S 


I  no  concept  tli.it  elostioinagnotiv  \\.no\  «.:ut  ho'  gimlet1  h\  lirnmh  is  not  suipiismg  llowevei.  in  an  an  tilled  tunnel 
the  ttvipicmv  must  ho  givatei  than  some  uit-olt  \aluo  that  t\ pi». ali\  is  ot  the  oidet  ol  Ml  MIL*  When  the  tunnol  sontams 
axial  eomlm  tors,  the  situation  is  . hanged  di.un.it  it  alls .  amt  tlioie  is  no  out  oil  as  sm h.  although  w  a\o  guide  t\  pe  inodes 
also  propagate'  at  the  lughet  tretpieneies 

I  ho'  uso  ol  shielded  v  al'los  aitli  intentional  leakage  in  the  sheath  was  seen  to  plax  a  maioi  1  ole'  in  optimizing  the' 
eommuim  at  ion  i.itige  ami  also  allowing  loi  reunite  .uvess  it  the  table  to  tinnsteivoi  distames  ..  e  not  too  gival  this 
ieakv  teedei  somept  i'  Innhng  a  teal  pl.ne  in  mining  t onnnunn ation  ami  othei  limited  aotess  eottnlors  We  wtiv 
tortunato  in  hating  the  utaioiitv  ot  the  lc  nlmg  woikorx  in  the'  held  as  pailmpants  \t  (uallv  mmh  i't  the  dist  ussion  took 
plaee  outsnle  ot  (lie  leetniv  hall 

A  speoi.il  honvis  was  a  I.UOpapei  h\  lit  Vntnnio  l  emamles.  ol  the  Instituto  Suponoi  letlumo  in  I  ishon  I  he  pai'ei 
oleals  with  a  eompaitson  ol  the  ehaiaetenxties  ol  slottul  ami  loose' htaul  voaxial  tables 

1  Ins  spet  tal  session  was  augmented  In  seieial  papers  to  g  50  ami  II I  Miat  did  not  ileal  expliv  itlx  with  Ieakv  teeJois. 
hut  tliev  were  also  eoneeiticil  with  pi onagat ion  in  non  ionized  regions  ol  the  e.uth  l  hose’ papers  ilealt  with  III  wave 
transmission  Mimugh  the  e.uth  ami  along  the  eaiths  smiaee 
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sim\RY 

A  rather  ingenious  communication  technique  bar  been  developed  for  use  in  coni  mines,.  The  icc*  'i  t*1  use  a 
two-wire  transmission  line  or  equivalent  loose lv  braided  coaxial  cable  that  can  be  suspended  1  r*Vi  (he  uppet 
wall  (Wall,  July,  ln7«>),  A  transmitter  placed  in  the  vicinity  of  the  ine  excites  a  sttonglv  c.n'al  A**ced 
mode  that  notmally  would  propagate  like  a  coaxial  or  TFM  mode  with  tel.stivelv  high  Attenuation.  The  ke\ 
stop  in  the  Belgian  system,  and  the  clos-elv  related  Ftcnch  system,  is  to  convei  t  this  to  a  balanced  mode 
that  is  much  less  attempted  because  the  \  elv.ru  current  flows  mostly  in  the  second  viie  rathei  than  tbteugh 
the  surrounding  rock..  The  physical  basis  «f  this  system  has  manv  similarities  with  the  leaky  feedet  devive« 
used  in  British  coal  mines  when  the  mode  conversion  is  Inadvertent.  We  have  examined  a  number  of  ie levant 
problems  of  this  type.  Brief  summaries  are  given  in  the  following  with  appropriate  ref ei cnees  to  whet e  de 
tails  can  he  found. 

The  braided  coaxial  tsble  was  studied  as  a  commit)  teat  ion  scheme  in  a  mine  tunnel.  A  stmp.iMed  »cctangula. 
waveguide  model  was  adopted  fop  the  tunnel,  and  the  shield  of  the  cable  was  assumed  lo  behave  as  a  single 
inductive  transfei  impedance.  Specific  tesulls  on  the  attcuuat ion  of  the  monofilai  and  bifi’at  tot  coaxta11 
modes  of  propagation,  taking  Into  account  the  possible  existence  ot  a  thin  lossv  film  on  the  table,  wet  e 
obtained  (Mahmoud  and  Wait,  dan.,  197b).'  Ir.  otder  to  estimate  the  maximum  possible  tango  of  communlt  at  ion . 
we  considered  the  coupling  factors  of  these  modes  to  transmitting  and  tecelviog  dipoles  inside  the  tunnel, 
and  we  presen  ed  results  on  these  fictotn  for  various  cable  parametets  and  ever  a  wide  t  attge  v'f  f t equencie* 
(Mahmoud  and  Wait,  dan.,  197b). 

The  transmission  loss  for  a  leaky  cotxial  cable  communication  system  in  a  circulat  tunnel  was  lalmlated  ! ci 
an  Idealised  model.  The  tranamltt ing  and  receiving  antennas  wet e  elect) ic  dipole*  that  could  be  located 
anywhere  within  the  tunnel.  For  typical  cable  parameters,  the  optimum  frequency  was  found  to  be  in  .he  tr,  ige 
from  2  to  20  Mil,.  1c»»  1st  ions  revealed  that  the  use  of  a  spat  so  btald  and  a  high  velocity  cable  vM!  Miongl 
improve  the  cahlo-di,ole  coupling  with  only  a  small  penalty  of  a  hi phot  at  t  enuat  icr.  :atc  (Hi  1 1  and  1 -•*, 

19 ’6) r 

The  previous  development  was  extended  to  permit  attenuation  calculations  when  a  braided  table  ts  \  'vat  -d  .  V*e 
to  a  tunnel  wall.  This  if  an  tmpoi  taut  ca*-e  la  mine  « omnunicat ion*  utilising  leaky  feedets..  We  found  th.  t 
the  attenuation  rate  for  (he  Mfilar  mode  was  hardly  affected  at  all  bv  the  finite  conductivity  «'f  the  wall. 

On  the  other  hand,  the  monofilai  mode  suffers  n  very  high  ot teuuat 1  on  when  the  vable  app tosohe*  the  xaU 
(Hill  and  ka<t,  dulv  197b).-  In  a  subsequent  analysis,  we  examined  the  effect  of  the  depender.ee  ot  (lie  bi.nd 
transfer  Impedance  on  tne  propagation  constant  fot  a  coaxial  cable  located  in  a  circulat  tunnel  (Wait  and 
11111,  dan.,  1977).' 

The  expression  fot  the  gap  admittance  v'f  a  coaxial  cable  within  a  citcu»at  tunnel  was  deiived  using  a  quasi  - 
s  ic  method.  Coup  ting  between  the  UM  mode  within  the  vable  and  the  nonofila*  mv'de  within  the  funnel  was 
computed,  and  of  the  cable  power  was  tvpicallv  tvansf-»ried  to  the  tunnel  fiom  a  single  ..able  gap.  I  he 
results  have  application  to  the  use  of  lealv  coaxia.  cables  foi  oommunioat  ton  ii.  mine  tunnel**  (Hill  end  bait.' 
l\  t . ,  10 '5).’ 

An  idealized  model  of  a  trolley  wire  corumimcat  ion  system  was  considered  To  facilitate  the  analysts,  the 
tunnel  cross  section  was  taken  t«'  bo  somivltvular  and  the  «m  rounding  rox  *  medium  was  homogene*  ns  uith  a  fintt 

conduct  ivitv,  The  metallic  rails  or  ot  hot  conduct  e»  s  on  i  he  flat  flvvi  of  *lv%'  tunnel  woto  >  ept  e*eni  Cv*  '  a 

pLino  metallic'  icflecting  surface  of  infinite  ♦•stent.'  The'  ttollov  wiic  and  asset  i.itod  feovlei  line'  veto  i« 
to  be  equivalent  to  a  single  ovlindt'c.il  condu*  tot  that  v..is  p'lnllel  tv'  il.e  axis  ot  the  tunnel  but  located 
anvwhoie  within  the  cross  section.'  The  app*  opi  iat  o'  odal  equal  Ion  va«  then  solved  fv't  the  p)  op  i  pat  Ion  *on«».u 
ot  the  dominant  rode.  It  w,i«  shown  that  *  ho'  a  *.  t  enua  t  ion  late  mo  eases  sign!  I  iv  ant  lv  as  (ho  tiollov  vito  aos 
ptoiohos  ibe'  tunnel  wall.’  Houevei  ,  oven  when  the  mi  loaded  tiollev  wiio  uas  within  70  *.m  ( 8  In'  ef  the  will,' 
t  ho  a  ft  enua*  Jon  rate  at  700  xHr  was  stMl  lost?  than  .IB  p«-»  kil«*retn  (bill  and  Wait.,  No\  . ,  1^*6) 

In  a  related  studv,.  the  general  iheotv  fv'i  1 1  au*ni  **1011  it'  a  ciiculai  tuniel  coots. ntn>  a  thin  axial  v  «vdu» 

tor  was  employed  to  calculate  the  attenuation  r«fc  of  the  p*o,ag.)1n„  mv'de.  The  tomatkablc  pi. 'petty  was  that 
the  attenuation  rate  was  approxim.it  cl  v  pt  opot  t  lonal  to  fi ‘'quern  y  and  it  did  not  depend  et  »t  teal  1\  on  t ''o  v  a  \  ' 
conductivity  fot  tvpical  conditions  (Wait  and  Hill,  done,  1 ° 7b) . 

A  general  analysis  was  given  for  the  ti  submission  of  e  lev  t '  orv.gnet  i  o'  vaves  along  a  vlicnlat  tuin«*l  in  the 
presence  of  a\i*»l  conduct  o)  s of  these  oonductots  was  ai»  ideal  i  rat  ion  ot  a  tiollev  wi»e  «.th  us  bonded 
toovier  line  fhat  mav  be  located  anvwheiv  in  the  tunnel.  1  he  o’bet  was  a  metal  tail  that  was  aird  \%itb\i 
the  homogeneous  wk  medium  at  a  finite  disiauce  ftom  the  tunnel  wall  \  ried<  equation  f  •  ’«  t  ho  pt  ora -..it;  on 
modes  was  obtained  that  was  »,<ed  to'  obtain  uurc%i«al  tesrltc  f  "  f ''e  .it  ( ei.ua  t  ion  iate  in  the  ( i  r>,noii.  \  i  aoqo 
SC  tv'  800  KH?  If  x.)s  choioi  that  the  attenua*;v'n  late  i^  .only  weakly  dependent  on  the  buiial  depth  v'f  the 

rail  conuucte*  ,  at  Jca*t  * n  the  range  up  to  sp  cm.  Also,  it  was  fo«»nd  *.'a(  the  tail  conductoi  foi  th«  rs'del 

adoprod  carries  an  appteciable  fraction  of  the  total  tetutn  cm  tent  wb^n  tveical  iv'cV  conduct  1  v  i  t  i  o*  .no 
assumed.'  A  thin  Inver  of  iusul.it  Ion  on  the  iail  appears  to  hive  a  n^g'igfble  effort.  In  *act,  theie  vis 
l*ttlo  change  even  if  the  tail  was  within  the  tunnel  and  lust  a  box  •»  tbn  tun"el  flv'oi  (Waif  .»nd  Hill.'  va»»\ 
1977) 

The  prcviov«s  movlal  analysis  for  a  citvulai  tunnel  \onta\niug  a  thin  »-*iie  vas  shv'xii  to  be  eat  tx  simpliftcvt 

at  low  ftequencies  provided  the  vail  conductivity  v.<s  high.  Iho  expltvtt  foi  mu  H  fot  the  pt  op  *g.»t  ion  .oou 

stani,,  so  obtained  when  specialired  to  a  petfectlv  ^  endue  ting  wile,  -*a«  in  a  gt  cement  with  a  qtiasi-st.it), 
ona  l  vs  i s  (Wa t . ,  May,  1 9  7  7)  „ 


Propagttion  along  r  thin  wire  located  In  a.i  air-filled  tunnel  was  considered  in  the  limiting  case  where  the 
tunnel  radius  becomes  indefinitely  large  but  the  distance  of  the  wire  to  the  tunnel  wall  remained  finite. 

It  was  found  that  the  results  were  consistent  with  the  corresponding  analysis  for  a  thin  wire  located  over 
a  plane  homogeneous  earth  (Wait,  Nov  ,  1976). 

We  analyzed  the  fields  excited  hy  a  dipole  in  a  circular  tunnel  that  contains  a  dielectric  coated  axial  con¬ 
ductor.  The  integral  form  of  the  solution  is  generally  valid  provided  the  outer  radius  of  the  dielectt ic 
coated  conductor  is  small  compared  with  its  distance  to  the  tunnel  wall.  The  propagation  mode  that  behaves 
as  an  axial  surface  wave  at  high  ftequencies  was  examined  for  a  frequency  range  from  1  MHz  to  1  GHz.  The 
attenuation  reached  a  maximum  value  at  frequencies  of  the  order  of  100  Ml*  where  the  absorption  loss  by  the 
tunnel  wall  was  most  significant.  In  the  range  from  1  to  about  10  MHz,  the  attenuation  rate  was  approxi¬ 
mately  proportional  to  the  frequency  and  was  only  weakly  dependent  on  the  conductivity  of  the  region  exter¬ 
nal  to  the  tunnel  walls.  The  results  were  consistent  with  earlier  investigations  for  surface  wave  lines 
located  over  a  homogeneous  half  space  (Wait  and  Hill,  Dec.,  1976  and  April,  1977). 

The  electromagnetic  fields  of  dipole  emitters  located  inside  an  empty  tunnel  or  cylindrical  cavity  were 
first  formulated.  Both  electric  and  magnetic  types  were  considered.  The  results  were  used  to  deduce  an 
expression  foi  the  change  of  self-impedance  due  to  the  presence  of  the  tunnel  walla.  The  input  resistance 
R  of  the  electric  dipole  was  approximately  a  constant  for  frequencies  less  than  about  25  MHz  i or  a  typicn' 
tunnel  radius  of  2m.  In  contrast,  for  the  same  conditions,  R  for  the  magnetic  dipole  or  small  loop  varied 
approximately  as  the  square  of  the  frequency.  The  theory  was  extended  to  allow  for  the  presence  of  an  axial 
conductor  or  cable  within  the  tunnel.  The  presence  of  the  cable  Increases  both  R  for  a  transversely  oriented 
electric  dipole  and  a  circumferentially  oriented  magnetic  dipole  but  R  decreased  for  an  axial  electric  dipole. 
Not  surprisingly,  the  axial  magnetic  dipole  <s  only  veaklv  Influenced  by  the  presence  of  the  cable  (hill  and 
Walt,  Dec.,  1976.  April,  1978), 

Radio  frequency  transmission  in  a  semi-circular  tunnel  containing  a  coaxial  cable  was  again  considered  (Seidel 
and  Wait,  July,  1978).  The  general  formulation  accounted  fer  both  the  ohmic  losses  in  the  tunnel  wall  anu 
a  thin  lossy  film  layer  on  the  outer  rurface  of  the  dielectric  Jacki  t  of  the  cable.  Using  the  quasi-static 
approximation  (Wait,  May,  1977)  it  was  found  that  the  propagation  constants  of  the  low-frequency  transmission 
line  modes  could  be  obtained  from  the  solution  of  a  cubic  equation.  However,  for  the  sperial  rase  when  the 
conductivity  thickness  product,  of  the  lossy  film  layer  vanishes,  this  cubic  equation  reduced  to  a  quadratic. 
The  spatially  dispersive  from  of  the  braid  transfer  impedance  (’.'nit  -nd  Hill,  Jan.,  1977)  was  also  accounted 
for,.  It  was  shown  that  the  quasi-static  theory  is  well  justified  for  frequencies  as  high  as  100  MHz  for 
typical  tunnel  geometries.  Finally,  special  characteristic  impedances  were  derived  for  the  various  modes 
of  the  equivalent  multi-conductor  transmission  line. 

Using  a  further  application  of  the  quasi-static  theory  (Wait,  May,  1977),  it  is  shown  that  the  effect  of 
ohr.ic  losses  in  tne  wall,  for  two  axial  conductors  (Hill  and  Wait,  Sept.,  1977),  can  be  represented  as  series 
impedances  per  unit  length  in  equivalent  coupled  transmission  line  circuits,  this  opens  the  way  for  a  sys¬ 
tematic  calculation  of  the  mode  conversion  phenomena  that  occur  when  one  of  the  axial  conductors  has  a  dis¬ 
crete  shunt  load  to  the  ground  plane.  Explicit  formulas  re  obtained  for  the  modal  conversion  coefficients. 
These  are  used  to  discuss  the  effect  of  a  shunt  load  on  the  trolley  wire  on  the  performance  of  a  radio  fre¬ 
quency  communication  system  (Ualt  and  Hill,  March,  1978).  It  Is  confirmed  that  the  unloaded  dedicated 
communication  line  provides  for  a  low  loss  mode  that  is  lardlv  affected  by  the  shunt  load  on  the  adjacent 
trolley  wire  in  the  tunnel.. 

The  role  of  controlled  mode  conversion  in  leaky  feeder  Toinc-commo.il  cat  ion  systems  was  also  considered  (Seidel 
and  Walt,  Sept.-  ,  1978)  .  The  controlled  Interchange  of  energy  between  the  propagation  modes  was  used  to  op¬ 
timize  the  communication  range  aid  allow  for  coupling  to  anu  from  portable  hand -he  I  d  .antennas.  In  particular 
we  showed  float,  for  ibis  model,  the  optimum  lengths  of  the  leaky  cable  sections  or  mode  converfeis  .re  net 
predicted  adequately  by  the  approximate  coupled  mode  theory.-  However,  it  appear.,  that  simple  modifications 
of  this  latter  approach  can  be  made  that  achieve  compatibility  (private  communications  from  F.  Pelogno) . 

Using  a  somewhat  different  approach  (Wait,  July,  197S),  wc  then  considered  guided  electromagnet! c'  waves  in 
a  periodically  non-uniform  tunnel.  '  boindarv  value  analysis  was  outlined  for  the  transmission  in  a  circu- 
’ar  tu;  .  e’  that  contained  a  thin  axial  conductor  where  the  la;  ter  was  allowed  to  vary  in  a  poilod'-c  fashion 
rnroughout  its  length.  Simplifications  of  the  formal  mode  equation  were  achieved  hy  Invoking  quasi-stal ic 
conditions  used  ns  in  previous  studies  (Wait,  Mac,  i°77),  It  is  shown  that  the  axial  non-uniformity  car.  ho 
represented  approximately  as  a  modification  of  the  series  impedance  of  the  equivalent  transmission  lino  of 
the  composite  tunnel  structure.: 

Finally,  ve  considered  fhe  operating  bandwidth  of  a  leaky  coaxial  cable  in  a  ciiculai  tunnel  (Hill  and  Walt, 
April  11,  1978),  Wo  examined  h.th  pulse  transmission  and  the  bandwidth  limitations  of  tho  channel.  The  phase 
and  group  velocities  of  the  bifilap  node  were  round  to  he  nearly  independent  of  irequenev  between  1  MHz  and 
100  Milz,  and  ;he  channel  bandwidth  was  found  to  he  quite  large.  Tho  effect  of  mode  excitation  was  also  ex¬ 
amined  hy  treating  the  mutual  impedance  between  a  pair  of  short  electric  dipoles. 
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NOTE:  The  bibliographies  in  the  above  pu i liaations  contain  extensive  references  to  the  work  of  other  inves¬ 
tigators  such  as:'  B.A.,  Austin,  C  C.  Beal,  D.C.  Chang,  J.  Chiba,  Q.V.  Davis,  P.  Degauque,  P.  Delogne, 

L.  Deryck,  A.C.  Emalie,  R.  Gabillurd,  R.W.  Raining,  S.F.  Kuos  ter,  R.L,  lagace,  R.  Lieaeois,  N.A.  Mackay, 
D.J.R.  Martin,  R.G.  Olsen  and  R.L.  Spencer.  It  >.'as  not  our  intention  here  to  simarise  all  related 
LVrk. 
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DISCUSSION 


L.B.  Felsen.  US 

To  what  extent  is  the  concept  of  lossy  anisotropic  surface  (sheath)  impedance  justified  to  leprtsent  tlu-  ittua!  moie 
complicated  wire  helix  configuratin’’  Arc  these  quantitative  comparisons  concerning  the  range  ol  validitv  ol  the 
surface  impedance  concept’’ 

To  what  extent  do  conclusions  obtained  in  tins  tegard  from  planar  sheaths  or  gilds  cam  over  to  |h;  cy  Imdnval 
sheath  at  the  long  wavelength  (in  terms  of  sheath  radius)  under  consideration.’ 

Author’s  Reply 

The  surface  transfer  impedance  description  ol  the  sheath,  ot  course,  is  an  approximation  to  relate  the  mean  c  t  rrent 
in  the  sheath  to  the  mean  longitudin.  I  t *eld .  As  shown  by  K  C  Casey  and  others,  the  transfer  impedance  is  spatially 
dispersive,  so  strictly  speaking  the  impedance  to  use  will  depend  on  the  mode  tvpe  This  subject  has  been  discussed 
by  Wait  and  Hill  ( 

The  answer  to  the  second  question  :s  that  the  planar  and  the  cylindrical  co  ltigurations  should  not  b  >\e  am 
quantitative  similarity,,  but  surely  tic-  situations  are  analogous 


D.J.  Gale.  UK 

There  is  a  variation  to  the  approach  of  considering  pitch  angles  and  numbers  ot  helical  wire  wraps  I  or  example,  bv 
bunching  wires,  one  can  change  the  extent  of  tin  tal  cover  (or  ope",  aiea  per  unit  length',  thus  lnpoduemg  a  new 
variable  and  one  that  can  be  encountered  in  practice 

Author's  Reply 

Metal  cover  (u  ually  called  "optical  coveiage")  is  not  alway  s  a  good  indication  loi  shi.'lcmg  el  lev  ti»em  ss  ol  wound 
o.  braided  cables.  For  example,  if  the  pitch  angle  is  increased,  the  optical  coverage  ;m  •  ,.ses.  bu.  the  suilace 
tiansfer  impedance  also  increases  thus  mdicat'ng  reduced  shielding 


D.J. Gate.  UK 

The  surface  transfer  impedance  concept  is  certainly  appropriate,  at  least  m  the  III  b..nd  I’l.utical  pioblems  c.in  b" 
eneountered  at  higher  frequencies  .n  the  measurement  of  this  characteristic 

Author  s  Rcplv 

Our  theory  also  indicates  that  the  surface  transfer  impedance  characien/atio'is  will  >  >c  niuaily  become'  inappiopii.uc’ 
tf  the  frequency  is  increased  so  too  high  a  value 
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■J.4.  tVopltHi  litu*  theory  Of  leaky  coaxial  carles 
renei  ell  tfu'osv  of  coupled  1  i n*N 

A  look'*  cog*  l  xl  1'ilMt’  Strung  along  d  tunne1  i  dt*  h  '  Vln.u'  .  s\sten»  made  Of  !*<  li’-o:  1*  dtt»t  ttd'-s 
supporting  two’  t  o^it*  I  ►Hi  ixut*'s  *hioh  a  i  v  called  .**  coaxial  cim*j  no*  to*  i  Id’  moocw,  t  iguit 
Show**  tf'0  ge'VIVll  vliielt  diogfafp  of  fiO  t”  l'o^e 1  t  O 2  \  length  ,’x.  -fit 
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this*  model,  which  ran  Pe  re*  mm  Pv  consider i»y,  m  as  treo*e»v*  oepenJent  vWvl’.>  H  ’  * »  -V  v  *•  ’  t»%  s,! 
vide  iji'iv  results  wht*n  v iwiMjvii  jo  t»v *i .  *\f>\v.v'H  ?*’♦*,  %virr»'*ts  o  »j  v  ‘Itagos  soti:i'\  t  to  tojpled 
line  t.'Ov.ot  tons  : 
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The  eigenmed*.*;  M  e  so lot  i  jps  pf  ♦roi'r’  t*xl  r  v  exp; 
ore  solutions  of  t Mr'  eigenvalue  prcpl'ems  : 
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The  eigervnatrices  U  and  J  may  be  normalized  but  not  independently,  because  of  (20!’.,  The  usual 
scattering  matrix  normalization 

UJ  =  f  £24 1 

where  E  is  the  unit  matrix  and  T  indicates  the  transposition,,  is  such  .hat  ATA/2  and  BTB/2  are 
the  complex  powers  of  the  progressive  and  regressive  eigenmodes,  respectively. 

4.1.2.  Application  to  non-leaky  cables 

Before  applying  the  above  theory  to  leaky  cables,  it  is  us  ’fui  to  first  solve  the  problem  for  a  non- 
leaky  coaxial  cable  (vt  =  zt  -  0).,  This  case  will  be  referred  to  by  a  subscript  0.  The  general  theory 
is  here  rather  trivial  and  reduces  to  standard  transmission  line  theory.  One  finds 
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with 

Z 

CO 

‘*<A: 

I1/2  . 

Z  -  (Z  /y  )1/2 

mo  m 

(27) 

and 

r 

CO 

t2c  :c; 

I1/2  , 

r  =  (2  y  )1/2 
me  m 

UBJ 

For  the  limiteo  purpose  of  this  paper  we  will  neglect  the  losses  and  write,  witr  the  adenuate  subscripts 
c  or  m  : 

z  =  j  uj  £  ,y  =  Jaic  (29) 

where  £  and  c  are  the  specific  inductance  and  capacitance,  respectively. 

4.1.3.  Application  to  leaky  cables 


We  now  consider  a  leaky  cable  ir  a  tunnel  and  assume  a  purely  magnetic  coupling  :  y^-  =  0,  zt  =  j  u  m. 
The  eigenvalue  problem  1 1 9 1  - C 20 1  with  “he  normalization  (24)  can  easily  be  .  ived  numerically  using  u 
computer,  but  an  analytical  solution  i;  extiemely  cumbersome.  Here  we  are  interested  by  approximations 
valid  for  a  weak  coupling  assumption.-  Introducing  two  coupling  coefficients 


6  /B 
co  mo 


2  n  £  6  /B  -  1 

me  co  mo 


(30) 


(31) 


(321 


(33) 


(34) 

(35' 
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It  is  clear  that  the  modes  1  and  3  are  the  eoax.al  and  moriofllar  oigenmooes.  respectively.  the  moaning 
of  the  cpIjuiis  of  U  and  given  previously  and  illustrated  by  133)  should  not  been  forgotten  wnen 
looking  at  133)  and  ( 34 1 .  It  is  easily  soon  that  an  eigenmodo  carries  relative  powers  1  and  (L'i  -  C.’l 
on  either  side  of  the  cable  sheath)  this  last  par*  is  the  relative  power  of  the  leakage  field. 


ftri.V  l?-*ky_ S3rcion_ as  a _inode  convert er 

We  will  now  show  that  a  leaky  section  inserted  in  s  non- leaky  cable  acts  as  an  efficient  mode  converter. 
First  we  consider  <»  non-leaxy  tr  leaky  transition  as  suggested  on  Fig.  6.  This  problem  .run  be  solved  by 
using  --elutions  of  the  type  (IV)  on  either  side  of  the  transition  and  expressing  the  continuity  of  the 
voltages  and  currents  at  the  Junction.  This  yields  the  matrix  eductions.. 
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These  may  be  solved  for  Bp 
iy  and  for  the  weak  coupling 


and  A  and  this  yields  the  scattering  matrix  of  the  junction*.;  E'-plicite- 
assenption.  we  find 
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Thus,  at  a  transition,-  an  incident  mode  is 

--  reflected  with  a  (negligible!  coefficient  *_  C’^r., 

-  reflected  in  the  other  mode  with  a  coefficient  *_  L'_- 

-  transmitted  in  the  same  mode  with  a  coefficient  close  to  one 

-  transmitted  in  the  other  mode  wiih  c  coefficient  *_ 


It  is  now  an  easy  task  to  calculate  the  scattering  matrix  of  a  mode  converter  consisting  of  a  short 
section  of  a  leaky  cable  inserted  in  a  non- leaky  .me  witi  equal  transmission  line  parameters  as  sugges¬ 
ted  by  Fig.  Tnp  general  properties  (11  to  l-H  at  geometrically  symmetric'  ano  non-dissipat ive  ronver- 
tars  apply  and  we  find  : 
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(4V 

The  non-equality  of  the  inode  conversion  factors  in  •'eflec'ion  k.„  and  in  transmission  1cm  is  a  result 
of  tic  non  -ero  electrical  length  of  the  device.  A;  the  phase  constants  gco  and  gnio  arc  proportional  to 
the  -raquancy.  the  bandwidth  of  Tc^  around  a  maximum  of  the"  sine  function  is  larger  th^n  that  of  kpn. 

It  is  moreover  maximum  for 

if*  -  A  )>_  •  n 
co  mo 

The  3  dB-bandwidth  of  Tpm  thus  extend  from  f0,V'  to  t'o 
For  the  design  of  a  mode  converter  we  may  consider  that 

8  =  k  *  ia/ 13.18  1  l  A  31 

mo  O 

f,  *  k  e 1 t -  1441 

co  c 

where  k0  is  the  free-soace  ohase  constant  and  .  .s  •'he  di  le-tric  constant  o*"‘  the  cable  insulation.. 

It  is  seen  from  (301  and  131)  that  Ci  the.  i  .  r.m‘  '  l*'cm!--rhe  mt-de  conversion  thereby  exhicit  an 

intrinsic  directivity  which  can  bo  enhan.ed  by  choslng  a  In*  value'  for  f  •,  this  yields  an  increase  0*' 
(Ten!.  This  directivity  may  be  very  usef  il  -n  tunnel  application.,  'j-  it  reduces  the  standirg  waves 
due  to  nonot liar  wave,  trav-’lling  in  .npposi'e  diiect  tons  between  the  mode  converters. 


.431 

.  .  .-  where'  ‘'o  i?  the  design  frequency  .ielding  .431'.- 


We  take  here  account  that,,  in  transmission  lin.  theory,  the  A  end  8  waves  are  i  he  -m.-rescive  and 
regressive  wavss.  respe,  tively.  In  n-tworw  theory  however  they  are  t  ,e  ingniny  and  ojtgoing  waves.; 
respectively,  and  the  scattering  matrix  relates  tne  latter  to  the  lorme.-. 


5.-  MODE  CONVERTERS  FOR  TWn-WIRE  UNES 
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S. 1 .GBneralqrinc'ple 

When  an  open  two-wire  line  is  stru  ig  j  uo  a  tunr.el  the  balance1!  (nifiler)'  and  unbalanced  (monof  1  la:  ) 
modes  are  coupled  dess  the  two  wires  are  stric*  iv  symmetric  with  respect  to  thp  wail  In  practice 
however  the  csymvet  "y  yields  an  extremely  low  coupling  which  may  be  neglected..  This  means  that  we 
consider  that  the  balanced  node  yields  a  negligible  electromagnetic  Field  m  the  tunnel  space. 

Groundless  mode  converters  for  ttis  type  of  ti ansmjssior,  line  can  be  made  by  inserting  into  it  lumped 
impedances  ard  transformers  whl^h  create  a  delircrately  nigh  asymmetry  between  the  two  wires.  All  the 
properties  Ml-  C S 1  or  the  scattering  matrix  are  va'id. 


The  procedure  fo.  obtaining  the  scattering  matrix  is  in  general  jong  and  tedious.  It  involves  the 
following  steps  (Fig.  B) 

-  write  the  four  circuit  equations 

-  convert  these  into  new  equations  relating  the  coaxial  'hlfilar)  and  monofilar  curr'ots  and  volta¬ 
ges  defined  by 


i  *  i  ♦  r  v  =  (v  ♦  vi  ' 

m 

i  -  a  -  ri/r  v 

c  c 

-  convert  these  new  eauetions  into  ones  relating  the  ingoing  and  outgoing  waves.,  using 
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-  solve  the  equations  in  'he  unKnows  o  ,  .  8  „  v  8  _  S  to  obtain  the  scottbri"g  matrix  of  fhe 

c)  ml  cC  '  m3  c‘ 

moue  converter. 


5.d._22Dlicatigns 

Figures  9. a  and  9.b  show  a  selective  anq  i  wideband  node  converts:,  respect 'vely  ••  They  are  very  similar 
to  those  seen  previously  for  a  coaxial  cable.  The  scattering  matrix  of  these  devices  is  given  in 
(OERYCK...  .9731.;  We  will  recall  here  formulas  valid  at  the  center  frequency  up  1  (ICl'T’2  of  the  selec¬ 
tive  converter  oi  *"or  the  wideband  converter  when  r>  =  and  n_  --  n  : 

K  =  K  =  d2/(d:  ♦  1! 
c  n 

T  .  =  T  1/(d2  ♦  n  (47) 

o  m 

V  =  o' (a-  *  n' 

where  d  i=  an  asymmetry  factor  given  tiv 

d  *  ?  w  C  (7  7  (46) 

o  cm 

for  the  selective  node  converter  and 


o 


(49! 


for  the  wioeband  converter.- 


o.  INADVbR)  ENT  MODE  CONVERg IONS 

As  was  said  previsouly.  the  asymmetry  of  tne  two  wires  of  a  two-wire  line  with  respect,  to  the  tunnel 
wall  is  in  general  too  smal  1  to  pro--.ee  s-'gnifica.d.  moue  conversions,  unless  the  line  is  strung  very 
close  to  the  wall.  Strong  inadvertent  mode  conversions  may  however  be  due  to  asymmetric  objects  close 
to  the  line,  as  for  instance  hanging  devices,  etc.  These  effects  have  been  nicely  analysed  in  (OERYCK, 
1373)  and  occur  also  with  leaXy  coaxial  cables. 

7.  CONCLUSIONS 


Various  mode  converters  for  tunnel  transmissi-'r.  h.  ve  beer,  described.  Ot.-.pr  ■  ersions  can  easily  be  desi¬ 
gned:  seme  of  them  are  effective  as  mode  converters  in  a  frequency  ba..d  but  -re  inactive  and  transpa¬ 
rent  on  another  .  .-equincy  lange.  It  is  thus  possible  t.o  combine  them  into  a  multi-trequency  system  using 
a  single  cnuii. 


3. 


ArKNOKEDGNENTS 


These  mode  converte  s  have  been  designed  by  the  author  while  a.  ting  as  a  consultant  tc  the  Institut 
National  das  Industries  Extractives  (INIEX.  lidge.,  Belgium)  3nd  are  patented  by  thi'  Institute. 

Th  >nks  are  due  to  Nrs  E.  COI  ■  E  for  typing  the  manuscript. 
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DISUISSiON 


1>.A.  Hill,  US 

You  mentioned  the  use  i*f  mode  eonxi'itcrs  at  \  it)  Mow  would  jot1  modiiv  >  our  ti.tnou.,sion  line  .uuIsms  at 
higher  Ircituencics  when'  waveguide  modis  un  piopagate" 

\utht»fN  Repis 

■\t  V  III  you  ean  have  a  very  latgc  mimhei  ol  propagating  wavegu.de  modes  and  a  modal  a''pro.iih  is  urptactti  d 
A  more  useful  approach  is  to  first  stmlv  the  tree-space  ease  wheicm  the  nunle  lonscrter  appears  to  tatliate  as  a 
O'  eetnc  antenna  ami,  m  the  second  step,  to  studs  the  propagation  i>t  these  ...diaUd  waves  m  tunnels  I  his  appro.uh 
has  been  mentioned  in  one  of  the  rvlereneed  papers  lOelagne,  i’n i  -\  usei'.'l  method  .,'01  ,:he  stmlv  .-I  the 
propagation  ot  \  III  waves  into  tunnels  is  the  geomct'u.d  optu.d  appuueh  which  has  been  used  in  .1  l<  Wait 

LB.  t-rlvcn,  US 

f'o'ieet  ling  mede  coupl.ng  intiodueed  hv  a  m , lion  ot  leakv  vabi.-  inserted  into  a  non  leakv  tabic.  did  sou  etnplov  a 
'nods'  w  1;  re'w  the  propeitiesot  the  finite  leaks  seetion  a;e  asseitained  liom  those  ol  an  .nun /,*<■  leak'  .ahV, 
otduuit  accounting  let  lumunuorinities  intiiHliiccd  h\  end  elt,\ts  in  a  ’nuw  pcriodn  stuntutv?  It  ves  aie'ths'e 
f  nets  av  i  !a ole  iiist.; .  mg  siteh  an  a;  sumption  ’ 

v  .thor's  Reply 

We  slid  not  take  a.  count  ol  .n'euetisvn*  hetvseen  mode  i-onserters.  I  he  ivass’ii  toi  this  is  that  w  e  sp.n  e  las''  mode 
eotiverters  tn  orstei  to  have' an  attenuation  ot  about  15  dB  ts'r  ’he  mouotdat  ttiode  between  two  av.t  ne  it  tn-sie 
converters  inlet  action  thtough  the  mono'ilai  mode  is  thus  considci.iMv  damped  \s  the  mods' i  om  eiteis  piovide 
an  excellent  impedance  matching  lor  tin  coisi.ti  mode,  the  v'lilv  important  mtei action  is  tlm'ugb  -he  simple 
transmission  in  the  co.iw.l  mini.'' 


lO'IvY  tV-\\lAl.  v'MM.I  !VK  Ol-STAi't.l 


nrrrcni'N  anp  pox  inivi  AiViw- 
iVC  1  Pill)  COMMl'i.  1  CAT  1 ONS 
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;U  MMAKX 

Lo.iky  oo.i  \  t.i  oablos  have  boon  mt  t  e.iuoo.i  eotnmoi  o ta  1- ly  with  t  ho'  .tint  o!  ptovt.iin.i  eon 
t’.nuous  access  .i.it.io.i  oiwauiuo.tt  ions  in  .iittiouit  onv  1 1  onniont  s  sueh  .is  iv.inos  .in.!  :  a  i  l 
tunnels.-  They  h.ivo'  a  l  so  boon  stu.iio.i  as  a  .tui.iin.i  mo.lt  uni  to*  uao'  in  .in  obsl.toU  ■<  to 
scheme'  on  1 1  oil  .mule.  I  l  a.iat\.  Recent  wot  k  .it  C’ti.'Oit 1  s  li.is  boon  .iiiooto'.i  towat,.is  ,.'.o\ o  lop  .-n.i 
t  ool'.n  •  .■juos  tor  pi  o.liot  in.t  t  ho  poi  t  et  m.iroo  ot  leaky  o.ib’.o'  insi.tl'.  it  ions  in'  v,i:  toty  o’ 
o.  :it  t.iiii  .it  ions .  A  two-e.tblo  o.ivity  toson.itoi  tost  allows  t  iio'  ..  o'wp!  i  n.i  e ' t oot i v onoss  ,ot 
, .It  f  tot  out  o.i  bit  ,.ios  tons  to'  bo'  ino.tsm  o.i  t:t  t  ho'  ia’x'i  .it  ot  y  ,  tn  '  •  .«j\to»  oi  in  t  b.o 

!>i  osonoo  of  liittotont  sui  t  eun.i  tn.i  onvit  onmont  i.-  An  cssooi.it  o.i  t  ho.  l  ot  i«  ,.t  1  tio.ttmout  lt.it. 
boon  ilovo  lopo.i ,  boso.l  upon  extensions  ot  oo'it'lo.i  1 1  .'tnsni  t  ss  i  »'n  lino'  t booty.  This  t  hoc 
iotio.it  noilot  of  the  oav.iy  h.ts  ivoti  oxton.K.i  i.'  rimultto'  i  'lull  so.ilo’  out.io.i  i  .i.i.u 
syst  om.- 

Tho  ooinbin.it  ion  .of  oxpoi  invnt  .m.i  mo.iollt>i>:  .i.ts  p:  o.iuoo.l  .1  ;uoi  o'  1  uu.i.i.'iont  il  .in.iol  st  .mo  i  no 
of  tho  w.ty  til  which  oouplo.l  lo.iky  ooax'.il  o,iblos  nmol  ioi>  m  vat  toes  on\  n  omnoiit  s . 

1.-  INTROPU'l  ION 

1.1  Preamble' 

Foi  tho  past  tow  yo.iis  so-o'olio.l  lo.iky  oo.ixi.il  oablos  have  boon  uso.i  .is  .i  i.io.ins  ,ot  pi." 
vt.iin.i  oont  tnuous  .loooss  oiu.io.l  oomnuinio.it  tons  in  onv  u  onniont  s  whioh  .no'  not  o'on.hio  i  \  o' 
to  normal  pi  op.i.iat  ion,  s.ioh  as  mines  ami  tunnels.  They  ha\  o  .also  boon  usee  as 

sonsot  s  in  a  scout  tty  system  loi  .lotootmu  a  n.i  looat  in.:  passive'  obvots  .aionn.i  ,a  ..iotino.i 
ponmotoi  Alt  t  j  pos  ot  leaky  ooaxtal  oablo'  have  m  .oomtiion  m  •  neompiot  o'  cut  oi  oop 
.iiiotoi  whioh  allows  ,a  portion  .'!  t  lie'  onoi.ty  within  tho  oablo  to'  "leak  out"  ,ino.  intoiaot 
with  the  sttrroiin.it  tut  miv  1 1  onniont  . 

At  Ouoon  1  s  I’nivoistty  in  k '  oust  on v'ana.ia  wo  have'  bot  n  inlet  ost  .n  t  lie'  .use  .ot  loakv 
oablor  for  one  pat  t  toitl.it  .appl  io',tt  ton  -  an  cost  aojo'  ..lot  oot  ion  svst-i'  oal'lo.i  ilui.ie'.i  K.ni.o 
ir.ittotson,  R.l'.,  1'*'*'',.  Ivon  thou.iti  tho  pi.  vision  ot  oont  muons  aoooss  ooinnuin  io.it  i-  ns 
is  not  a  »ioal  v't  this  woi  k  t  .‘i>-  tuehni.;oos  that  !..<v  o  boon  .lev  o’,  ope.  {  tot  mo'asui  in.:  t  lie 
tii'pot  taut  paiamotois  ot  >  ho  oablor  an.!  the  t  hoot  of  to'.tl  un.ioi  stamiin.i  ,ot  how  t  hoy  intoiaot 
'•  ith  the'  onvuonmont  n  vnioh  they  ate'  situate.!  ooul.i  have  .iito,ot  appl  t,. ,  it  ion  (o'  coi".- 
nuintoat  ions . 

I .  A  ilui.lo.l  Ka.i.tt  Pen.  ort 

Tho  l  as  to  pt  i.ioiplo'  upon  whtot,  itui.io.i  Ka.lat  opo*ato't  is  that  a.i  .ob'.oot  in'  tho  viomitv  ot 
two  ooupio.i  lo.iky  oablos  inlotaots  with  the'  fiol.i  oxtoinal  to  the'  cables  m  ,a  mannoi  that 
oan  bo  .iotooto.l  at  tho  on.!  ot  one  ot  tho  oablos.  Tuo  svstom  is  i  '  lust  i  at  o.i  tn  t  l.nito'  1. 
Two  loakv  oablos  ..no  la-..!  on  tho  ..noun.!,,  bin  t  o.i  uist  below  the'  sufiaoe'  ot  'sornt  o.i  m  t  tie’ 
air  paiallol  to  oaoh  othei  alonu  a  poiimotoi  aol  toniniiate.!  at  tho  t  at  on.i  by  oonvon- 
tional  matoho.i  loa.ls.  A  pulse  t  t.ansm  1 1 1  oi  is  ..onnooto.l  to  the'  no'.u  on.i  o!  one'  oablo'  an.! 

,a  loooivor  to  tho  near  on.i  ot  tho  othoi.-  As  a  pulse  pi  op.i.iat  os  alo.wi  the'  t  i  ansrii  t  oablo 

onoruy  is  oouplo.l  into  the  ioooiyo  oablo  an.!  .iot  oot  o.i ,,  att-'t  the'  appt  opi  i.it  o'  t  lino'  ,.io  :  av  ,, 

at  tho  receiver*  Pt  scout  intu  t  ios  m  the'  lo.iky  o.ab'.os,  st.nionaiv  .obioots  an.i  onv.ton- 
montal  variations  pieouoo  a  time  varym.i  lotmu  si.-.t.al  at  the'  ji.vivei  *  liowovoi  .  this 
ret  ut  n  siqn.tl  oi  "pi  of  tie"  ohan.ios  vei  v  slowly  tiom  .one  pulse'  t.o  i  ho  next  .  When  i 
tai'ciet  entots  tho  aioa  vhoro'  it  has  .a  s-.mi1  i.-.iiit  etoot  on  t  he  ooupio.i  onot.iv,  the'  i.ipi.i 

ehanuo  in  protilo  tion.  one  pulse  to'  the  next  poimts  }  ho  ..lotootion  o!  the'  tai.iot  . 

Obviously,  in  tho  pulse'  system  !  bo  tat. tot  oan  also  bo  loo'ato.l  m  one  .1  trims  ton  by  mo'isui 
in.l  tho  time  .lolay  between  1 1  .v-o-ir ,  ss  ton  ■  **  .a  pulse  an.i  tho  .  han.io'  tn  the'  pto'tlo. 

Of  critical  impoit.inoo  to  tho  .lest. mot  ot  oilhoi  .i  ,.iui.lo.i  i.i.lai  svstem'.o:  .a  continue.!** 
across  conimunio.it  ions  system  is  the  ovoia!  I  system  sensitivity  an.i  how  ihis  is  lolaio,.!  to 
the  various  parar.iot  ci  s  ot  cable'  ,»Vsi.in  ,m»i  to'  t  ho'  cm  1 1  onniont  in'  which,  t  lie'  svstom  must 
opot ate . 

As  shown  m  fiuuio  C.  in  a  ocnununic.it  ton  system  t  Ko'  total  loss  is  m.t.ie  up  ,ot  1 1  aosmi  :.s  ton 
loss  tn  the  oablo  itself  an,!  a  eouplm.t  loss  between  the'  oablo'  an.i  a  pot  table  loc.'ivo 
antenna.  Tho  .tnt.loii  t  a.iat  system  has  not  .only  1 1  ansmisst.'n  loss  an.i  .vupl.no  loss  put 
also  a  loss  ,.iuo  to  what  mtoht  bo  oailo.i  tho  t  a.iat  ct  ess-soot  ion  ,ct  tho  fat  cot  . 

It  is,  howovoi  ,  tho  ooupltn.i  that  .ioloiminos  t  hi*  ov.ufu.il  smistt  ivutv  ,*t  oith-i  .*!  t  h -so 
systems  an.i  it  is  tho  ooupltn.i  that  is  most  ..iopo'i.lent  .upon  the'  onv  1 1 -onm.-nt  an.i  Cable' 
.iosntn  an.i  also  tho  most  ..iittiouit  to  pio.iiot.- 


m  : 

Much  of  the  rev-nit  work  at  Ou-en’s  has  boon  dtiected  tow.nds  leliabix  iiu'.imii  iiw  ‘Ins 
coupling  in  a  lonvement  wa'  and  towaids  developing  a  theoietic.il  model  ct  the  coupl  mo 
process  .- 

l.-d  l.oaky  Coaxial  Cables 

Coaxial  cables  can  be  made  leaky  in  a  vai  lety  ct  ways:  by  milling  slots  v'l  dt  i  ’  1  mi  :■ 
holes  in  the  so!  ui  outer  conductor  of  a  convent  ion.il  iv.iu.il  design.  by  del  i  bet  at  o!\ 
omitting  some  of  the  conductors  in  a  bi  aided  cable  design  01  by  ci  cat  mu  novel  clesiuns. 
Typical  desiuns  ate  lllustiated  in  f  luure  ?.  Thete  are  a  numbet  ct  cable  design  p.ua- 
meters  that  can  be  vai  led  in  each  o.  so:  the  spacinu  shape  and  si.-'.-  ot  the  holes;  t  ho 
loss*,  ness  of  the  weave;  01  in  the  ease  of  the  bottom  two  types  -  the  use  ot  .a  citc'un- 
ferential  discont  unity  I'nly  01  a  combination  *  ct  t  cumfei  out  i  -s'  an.1  lonu.tu.un.il 
discontinuities.  The  drsiun  ot  leaky  cables  seems  to  have  temnned  ,tn  cmpitic.il  one, 
based  mainly  upon  ease  of  manuiaotute,  with  vety  little  Ixuii.i  finally  in.iei  stood  about 
tile  way  in  which  the  detailed  const  ruction  of  t  he  outoi  conduct ot  it  foots  thou  poitoim- 
ance  in  real  envuonment  s.  Thou-  are  t  wo  i  *  .isons  t  vt  this  situat  .on:  tust,  Iw.msi' 
of  the  complex  sttucturo  ot  the  cables  an  exact  ca leu  1  at  ion  of  the  t told  disttihutton 
in  their  vicinity,  putioulai  ly  when  placed  m  loaltstie  env t i oilmen  t s .  is  vutu.il  l\ 
impossible;  second,  it  has  been  difficult  ,o  measuie  eha- aotei ist 10s  *'t  the  cables  which 
would  indicate  reliably  then  expected  potioi  miioo  in  a  piactical  sense  without  losoit- 
inu  to  the  construction  ct  a  full  scale  system. 

To  ailow  various  cable  desiuns  to  be  oi-mpatod  with  -t  to  then  eouplinu  etteetive- 

ness  a  novel  two  cable  resonant  cavity'  technique  lias  been  developed#  This  tost  can 
easily  be  oatned  out  on  short  cable  lenuths  within  the  confines  ot  the  1  a'-ot  at  oi  y . 

2  .  TWP-CAM.r  CAVl T)  RKSONATOK 

2.1  Description 

Two  r-  metre  lenuths  of  leaky  coaxial  cable  aie  placed  tv  tween  paia’.lel,  metallic'  end 
pla'es  as  shown  in  figure  4.  The  cables  ate  patallel  t  o  each  cthoi  and  sepal  at  od  by  a 
fixed  distance  -  oithoi  0.45  m  oi  O.u  m.  Access  to  the  ends  of  the  oah'os  is  piovide.i 
by  standard  N-type,  in-line  connect ois  at  each  end-plate.  Noimally  both  cthles  me 
terminated  by  a  standaid  50s''  coaxial  load  at  one  end,  ext  etna  I  to  the  end  plate.-  At  tin- 
other  end  of  the  cavity  one  cable  is  connected  to  a  swept  - 1 1  oqurnoy  genera?  oi  ant?  tin- 
other  cable  is  connect*  d  to  a  watt  met  ei  oi  a  net  wot  k  analyse*  used  as  a  i  at  lomet  ei  .  Tin- 
standard  test  of  cable  piopeities  c.utsists  of  a  measurement  *-t  the  powei  tianstette.1  x:-. 
the  source  cable  to  the  monitored  cable  evot  dcstted  ftequcncy  tanue.  The  tesult  is  a 
power  vet  sus  frequency  chat  act  ei  ist  ic'  t*-t  the  paiticulat  cable  type  teles  ted  to  as  its 
"coupled  power  siunatute”. 

"■he  cavity  lesonatoi  can  bo  t  he*'i  et  ieal  ly  modelled  as  a  system  of  thtee  coupled  trans¬ 
mission  lines:  two  coaxial  linos  and  a  two  wuo  1 1  ansmissi.-n  line  formed  by  t  he  onto: 
conduetois  of  each  of  t  lie  leaky'  cables.-  The  total  model  is  si -imat  i  .-ed  in  t  untie  .  It 
is  assumed  that  cable  parameteis  such  as  phase  velocity,  attenuation  and.  chai  act  ei  i  st  ic" 
impedance  apply  here  tv-  the  leaky  cables  as  thev  do  to  convent  ior..t  1  coaxial  TPM  ctatts- 
mission  linos.  The  loads  at  either  end  of  the  coaxial  cables  ate  assumed  to  match  tin- 
nominal  charactei  ist  ic  impedance  of  the  cables:  ‘-0C,-  The  cavity  end-plat  «s  act  as  shot  t 
circuits  for  the  two  wire  lino  ptodueinu  a  voi  y  low  value  toi  rp.-s  and  The  total 

voitaue  on  each  lino  is  composed  of  a  weighted  sum  ot  the  voltage  cent t  ibut ions  t i om  all 
the  linos  u  the  system.-  When  the  estimated  values  tor  part  lculat  pai  asm- tors  an-1  t  In¬ 
appropriate  boundary  conditions  foi  each  lute  are  substituted  Int*-  the  coupled  equations 
describing  the  lino  voltages  the  resulting  eigenvalue  pioblom  can  lx-  solved  ’o'  yield  tin- 
total  voltage  seen  by  a  receive!  connected  to  pot t  1-  under  a  vat  lotv  ot  dittoient  expel i- 
mental  conditions.  The  various  estimated  paiameteis  can  then  be  adiusted  iteiatively  to 
produce  the  closest  match  to  an  oxpciimontal  siunatuie. 

2.2  Typical  Signatures 

Figure  6  shows  signatures  for  one  popular  type  ot  leaky  cable.-  The  expet imental  siunatuie 
is  shown  on  top  and  the  coriospor.dino  thoototioal  signatme  on  the  Ivt  t  -mi .  Tin-  most 
prominant  feature  of  those  signatuies  is  the  appearance  of  tesonant  }vaks  occm  t inu  at 
regularly  spaced  intervals  -  namely.  2Q . Mllr.  This  spacing  gives  a  measuie  of  the  ph.is- 
velocity  cf  propagation  on  the  short-ouomtod  tvo  wue  line  which  turns  out  t*>  be  of 

the  free  space  velocity  of  light.  It  is  also  obvious  that  the  cavity  lesonances  have 
superimposed  upon  them  an  amplitude  envelope  with  minima  spaced  appt  ox  im.it  ely  Mlir 
apart.  The  spacing  of  the  envelope  minima  is  stiongly  linked  to  the  .ditteience  in  phase 
velocity  between  a  single,  l. dated  leaky  cable  and  -he  two  wue  lino. 

To  demonstrate  this,  a  cable  was  tested  that  was  essentially  the  ,-ame  const  t  not  ion  as  tin- 
one  previously  tested  with  the  except  ton  that  low  density  team  dielcctiic  was  used.  The 
signature  is  shown  in  figure  7,  again  with  the  oxpei imental  s’. mat ure  on  top  and  the 
theoretical  signature  on  the  bottom.  The  tosonanco  spacing  lemauts  about  .’4  Mil?  and  the 
overall  coupling  ltvel  is  similar,,  llowevel  ,  the  envelope  minima  ai  <•  now  about  4m1  Mtlv 
apart  since  the  coaxial  pnase  velocity  -  8’*  of  the  -peed  of  light  -  is  closet  m  value 
to  that  of  the  two  wire  iine.- 
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One  figure  of  met  it  that  results  from  this  cavity  tost  is  coupled  powei  level  --  the  ■  ,ux 
mum  power  coupled  fiom  one  leaky  cable  to  the  otnei.  By  use  of  a  inference  cuMe  with 
known  performance  in  a  practical  continuous  access  guided  commumcat  ions  oi  gnded.  ix.dai 
system  the  relative  usefulness  with  tespect  to  coupling  of  one  cable  type'  compared  ■. o 
another  can  bo  predicted  by  cot,  ai  isor.  ot  the  signature”. 

Seveial  c»  the  cable  types  tested  in  the  cavity  resonator  have  also'  been  tested  in  a  full 
scale  quided  t adar  system.  In  a  guided  radar  system  one'  meusuio  of  coupled  powei  is  the' 
relative  sensitivity  of  the  system  to  a  stanoaid  target  -  in  oui  cast,,  a  human  he  mu 
walking  along  the  mid  line  between  the  cables. 

If  the  relative'  coiplin’  from  the  cavity  test  is  compaied  to  the  relative  human  taiget 
sensitivity  m  a  guided  radar  good  correspondence'  results,  pat t loul ai ly  tor  cables  ot 
similar  const  ruct  icY>,  as  shown  m  figure  8.  for  example,  the  types'  labelled  Al  ,  Ad  and 
Al  differ  only  m  the  sire’  of  hole  milled  in  the'  solid  outei  conduct 01  .  I.imitations 
occni  however  when  comparing  cables  with  significantly  different  const i uct ion  such  as 
those  labelled  O'  and  H.5.  The  two  measuies  of  "goodness"  -  the  cavity  and  the  field,  test 
•  rank  those  cables  in  opposite  eider.  This  effect  s  most  likely  due'  to  the'  ’urge 
difference  in  cable  spacing  in  the  two  tests  -  90  on  m  the  cavity,  4  m  m  the  Held  » 
and  the  difference  in  t  ates  of  radial  decay  of  the  field  external  to  the'  cables'  t  ha... 
might  be  expected  with  the  diffeient  const  ructions. 

5,  MODIFIED  TWO-CABLE  RESONANT  CAVITY 

.1.1  Description 

The  resonant  cavity  appeals  to  be  a  convenient  method  for  gauging  the  etteot  of  eh.digos 
m  cable  design  on  performance  in  a  pi  act  leal  system.-  However,  in  practical  continuous 
access  quided  commumcat  ions  or  guided  iad.ii  systems  the  cables  ate  installed  in  aieas 
where  there  aie  large  vaiiatioiis  m  the  propeit  es  of  the  envuoument  suitvundinc  the' 
cables.-  In  a  .  .  i  died  iadar  scheme  the  cables  can  bo'  in  the  an,  cot  respond  in- 1  to  the' 
situation  in  th>  cavity,  laid  cn  the  ground  or  buried  in  it.  !'oi  buried  cables,  the 
ground  moisture  and  type  of  soil  could  be  expected  <o  have  considerable  eftcct  on  the 
system  performance.  Th^ietcre,,  the  resonant  u%ity  has  been  modified  to  allow  the 
introduction  of  various  mateiials  in  the'  vicinity  ot  the  cables  to  simulate'  cn\  i u  nment a  1 
ot feet  s. 
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A  trough  was  b  lit  fiom  polyfoam  and  wood,  within  t ho  cuvitv.  When  t ao  tiough  is  ompt v 
l  *■  has  very  little  efteot  on  the  cable  s  i  ar.utci  os  .  Howevet  ,  i  *'  tap  watei  «.•!•  wood 
shavings,  moistened  with  varying  amounts  ot  water,  .are  put  in  the  trough  significant 
offsets  are  seen  due  to  the  increased  attenuation  on  the  two  wire  line'  and  the'  altoiod 
dielectric  constant  ot  tho  cm  uomsont  . 

Hv  filling  the  trough  with  wood  saavuvis  moistenid  with  various  amou.d  s  o!  watei  con 
trolled  changes  in  tne  effective  dieleotiio  constant  ,ct  the  environment  can  Be'  effected. 
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Figure  9  shows  the  effect  of  filling  the  tiough  with  >0  cm  o '  ,div  wood  shavings.  in 
other  words  the  cables  were  butied  in  cm  below  tho  sum.uv  ot  .the  shavings.-  Although 
tho  wood  shavings  were'  ostensibly  d>.  >  ,  they  wot  o  fie'h,  and  undmbtodlv  contain  d-  some 
internal  moistme.  In  fact,,  the'  effect  ot  the  ,i;\  wood  shavings  likely  would  net  be 
aioatly  dil'feient  from  that  of  dry  gtound  which  also  wou'd  ,’lwavs  .contain  seme  itiei.Uutc. 
Sever  a  1  significant  changes  in  the  signatuie'  have  ooooirod.-  The  "nils  in  te.o  oioiall 
envelope  are  now  spaced  approximately  3  s  0  MH.t  .apart  i  at  her  than  .>^r'  MB.-  as  thev  wete  in 
free  space  indicating  that  the  phase  velocity  on  the  two'  wiie  line’  has  ,deet  eased  duo  to 
the  increased  dielectric  const  an’,  ot  the  sui  i  our..’  ina  medic.m.-  Thot  e  is  also  .i  ooasi  Km  able 
decrease  in  the  coupled  powei,  part  iculnt  ly  at  high  tiequonoios.  When  the  wood  sh.nmus 
are  introduced  into  the  cavity  two  conflicting  influences  on  the  coupled  powei  would 
be  expected.-  First,  sv.ice  the  phase  velocities  on  the  coaxial  mode  and  the  two  who' 
mode  arc  more  closely  matched,  more  powei  will  be  coupled  t i om  the  coaxial  lino  into  tin- 
two  wire  line.  However,  at  the  same  time,  note  one- i \  is  dissipated  in  the  lossy 
material  now  suriounding  the  cables,,  reducing  the  output  signal..-  In  tins  p.uticul.u  case 
the  increased  attenuation  1  u  the  wood  chip*  m  the  pi  edon.i  n.u.t  ettect. 

The  addition  of  2s-  .tap'  ware:  by  volume  to  the  weed  chips  tuit  hot  mot  eases  the  dioloofi  id 
constant,  doci  easing  the  two  wire  line  phase  vole.citv.  The  lesultii'n:  sianutuio  is  shci.'n' 
in  figure  10.  The  overall  on  -el-'t'e  minima  spacing  1nc1e.i5.es  tjutb-f.-  In  tact  the  null 
spacing  of  800  Mite  indicates  t  ha  the  coaxial  and  two  who  line  el  <se  u-Ux  ;  t  les  .lie  von 
nearly  in  synohionism. 

Anothei  foatuic'  that  is  evident  in  both  ot  tho  last  signatuios  is  *  he  .appeaiance  ,e:  ,a 
lower  envelope  foi  the  individual  1  cson.inces  winch  B'i  lows  yiosoh  the  peaks  and.  nulls 
of  the  imagined  cveiall  env.  ‘ope.  This  cleva'ed  Kiscltno  sccr-s  to  » cpi  osent  the  let.uin 
signal  from  the  f„r  end  plate  acting  as  a  laiae  tutgot  in  a  guided  i.i.i'.u  svstom.  The 
cavity  resonant',  s  then  magnify  this  basic  tai.iet  totuii'f.ut  the  ji.pt  opr  i.it  o  tiecj.encies 
by  an  amount  dependent  upon  the  3  of  the  cavity. 
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Thoorot  ica  1  Interpret  .it  ion 

A  detailed  ii'.t  e.ps  et  at  ion  of  tho  effects  soon  in  tho  Sumatra  os  when  a  lossy  mod  urn: 
is  i nt reduced  into  the  cavity  has  not  yoi  boor,  car t led  out,  llowovoi  ,  by  1  nt reducing 
the  appropriate  loss  taotois  into  the  coupled  line  model,  signature  chat  act  o: :-t  l  *s  are 
produced  which  ate  similar  to  those"  measured  in  tho  cavity,.  .Sin  h  a  simulated  signature 
is  shown  in  figure  11,-  Tho  similarity  between  this  plot  and  tho  previous  o to  is  obvious 
-  both  have  an  elevated  baseline  with  superimposed  cavity  i escnances  and  \oiy  widely 
spaced  envelope  minima. 

With  the"  theoretical  model  it  is  possible  to  simulate  conditions  which  aio  v«*t  >  .nt*  .cult 
or  impossible  to  achieve"  in  piactice..  Pei  example,,  the  solid  hie  it'  t  •cure  11  is  tho 
signature  when  tho  two-wiio  lino  is  assumed  to  bo  peiteetly  watched  at  the  neat  end  and 
has  a  pel  feet  shot t  circuit  at  tho  far  end.  This  curve  fol  lows  very  cloroly  the  so- 
called  elevated  baseline. 

4.  v»l; 1PPP_ JVUTAR  SIMldJVTiOM 

It  is  possible  to  simulate  the"  tetain  signal  m  an  actual  guidvo.  i  adar  systoi  that 
results  from  tho  intrusion  of  a  target  by  assuming  that  the  t.nget  acts  as  at  arbitt.-uy 
unmatched  impedance,  say  1000  ,,  connect  e  i  across  tile  two  wuo  line  at  some  point.  The 
coupled  line  model  can  then  be  used,,  with  the  appropriate  loundai-  conditions,  to 
calculate  the  change"  .n  the  letutn  si.-nal  due  to  the  tatget.  by  moving  the  impt  lance 
down  the  cables  from  the  rccoivoi  towards  trio  load  g  complete  retuin  signal  can  be 
generated  which  corves;  ends  to  the"  standard  test  or  ret  tormatioe  of  a  full  scale  guided 
radar  system  -  a  standard  walk  -  where  a  human  wilks  at  count,, -it  velocity  down  the 
length  of  the  cables  midway  between  them.-  Eiauto  1.’  shows  a  typical  t  etui  it  signal  1 1  om 
an  actual  system  on  the  bottom  and  the  results  from  tho  ccupKd  line  model  on  top.  The 
cables  were  in  tho  .air  at  a  height  ot  1 .  A  :n.  Theieforc,,  the  two  wuo  1  me  was  assumed 
to  have  a  phase  velocity  approaching  that  of  fiee  spact  and  the  attenuation  coefficient 
on  the  tw,-  wire  line  was  assurud  to  be  rero,  Tlie  basic"  sinusoidal  nature  of  the  signal 
is  a  result  of  the  fact  that  synchronous  detection  is  tormallv  used  in  gu.dcd  i adar  and 
only  the  m-pnase  component  of  the  return  signal  is  shown.  The  envelope  resul.s  from 
a  heating  effect  between  the  eneioy  prop..iat  uni  on  the  two  wuo  line  and  the  erieigy 
propagating  on  the  coaxial  lines.  Put  tiler  work  is  now  underway  to  improve  the  model  ot 
the  guided  radar  in  order  to  be  able  to  predict  m  advance  the  influence  ot  the  envuon- 
rront  in  whioh  a  paiticulai  system  ni'oht  b.  installed  on  the  sensitivity". 

5 .  SUMMARY 

The  two  table  cavity  lesonatoi  test  produces  a  coupled  powei  signature  which  allows 
tho  coupling  effectiveness  of  dttfoient  leaky  cable  designs  to"  Iv  compared.  The 
cavity  has  been  modified  to  permit  the  inti odv. t ion  ot  various  materials  into  the 
vicinit  "-  of  the  cables  to  more  closely  match  the  environmental  conditions  within  whuh 
tho  cables  are  used  in  a  normal  guided  radar  mstallat u-n,  A  theoretical  coupled 
transmission  line  model  of  the  resonant  cavity  has  Ivon  developed  which  produces  results 
whu'n  very  closely  match  those  obtained  in  the  lalviatoiv .-  mhe  mode’  can  also  be 
extended  to  simulate  ,a  full  scale"  guided  iadai  system  The  oonbination  ot  exx  r  iment 
and  modelling  has  produced  a  more  fundamental  unrierst anding  ot  the  way  in  which  couple! 
leaky  .cables  function  m  vai ious  environments . 
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Fig.  1 1  Theoretical  .signature  in  a  lossy  environment 
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COMPARISON  OF  THEORETICAl.  AMP  EXPERIMENTAL 
RESULTS  OBTAINED  FROM  A  HUMAN  TARGET  IN 
A  GUIDED  RADAR  SYSTEM 


Fig. 1 2  Theoretical  and  experimental  guided  radar  return  signal 
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ABSTRACT 


This  report  provides  an  overview  of  recent  advances  in  near  surface  geophysical  probing. 
Work  progresses  in  four  areas.  One  of  those  areas  is  fundamental  studies,  which 
involves  not  only  mathematical  studies  but  also  laboratory  and  control  led  m-situ 
experiments.  Empirical  curves  can  be  generated  that  relate  remotely  sensed  observable 
tc  the  parameters  important  for  construction  or  other  near  surface  applications. 

Another  area  is  instrument  development .  For  a  sensing  method  to  be  effective  ar.d 
routinely  used,  the  functioning  device  must  be  quick,  easy,  and  cheap  to  use  in  the 
field.  Examples  m  this  report  show  the  recent  instrumentation  development  results. 

Data  processing  development  is  another  progessinq  area,  particularly  for  the  field 
environment.  Another  area  is  data  interpretation.  Once  the  instrument  system  is 
functioning  and  empirical  curves  have  been  generated  m  fundamental  studies,  the 
capability  exists  to  interpret  the  data.-  Data  interpretation  uses  all  the  known  infor¬ 
mation  that  applies  to  the  site.  Advances  in  systematic  ways  of  routinely  analyzing 
tms  data  are  presented. 

1.  INTRODUCTION 

Electromagnetic  methods  aie  increasingly  being  used  in  remote  sensing  of  the  ground. 
Measurements  are  performed  in  the  air,  on  the  surface,  in  boreholes,  and  in  tunnels  and 
caverns.  As  this  is  a  broad  field,  we  consider  herein  only  techniques  probing  to  the 
distances  of  a  few  centimeters  to  a  kilometer.  This  excludes  techniques  sensing  only 
the  immediate  ground  surface  (i.e.,  the  first  few  centimeters). 

Applications  of  electromagnetic  probing  include  geophysical  prospecting  (e.g.,  explo¬ 
ration  for  minerals,  petroleum,  water),  geotechnical  engineering  (e.g.,  structural  and 
foundation  studies  related  to  potential  landslides,  lam  safety),  geophysical  diag¬ 
nostics  (e.g.,  monitoring  energy  processes  in  the  earth  such  as  in-situ  coai  gasifi¬ 
cation  and  in-situ  oil  shape  retorting,  geothermal  reservoir  assessment)  and  communi¬ 
cation  system  studies  (e.g.,  environmental  effects,  ground  screen  considerations, 
communication  efficiency). 

A  number  of  books,  overview  articles  and  collected  papers  on  the  state-of-the-art  of 
electromagnetic  probing  have  boon  published  in  recent  years  (DAVIS,  D.  T.,  et  al,  1 9 7 n - 
DiNES ,  K.  A.  -,  et  al,  1979;  CALVERT,  T.  J.,  et  al  ,  1977;  FELLER,  G.,  V'.,  1976;  LYTLF,  U.  J., 
1974;  MORRISON,  H.  F. ,  ei  al,  1976;  NITS AN,  0.,  et  al ,  1977;  WAIT,  J .  R. ,  1971).  Othei 
papers  have  presented  equipment  innovations,  improved  measurement  methods,  and  new  data 
analysis  methods.  These  aspects  are  briefly  review'd  below.; 

2.  MEASUREMENT  TECHNIQUES 

One  can  infer  the  subsurface  constitutive  parameters  by  using  techniques  such  as  (among 
others):  resistivity,  mutu,.l  impedance,  wave  tilt,  surface  impedance,  field  variation 

with  distance,  l'-put  impedance,  borehole  induction  methods,  borehole  tunnel  or  surface 
transmission  and  reflection  methods,  transient  probing  with  pulse  transmission  and 
reflection,  parametric  sounding,  and  geometric  sounding.  These  methods  are  now  classical. 
No  basically  new  methods  have  been  recently  preposed.  The  rnaior  activities  of  those 
working  of  electromagnetic  probing  of  the  ground  have  been  directed  towards  now  appli¬ 
cations  of  these  methods,  improving  the  modeling  and  interpret.it  ion  capability,  and 
ref  moments  of  the  basic  experiments. 

3.  RFCENT  ADVANCES  IN  FUNDAMENTAL  STUDIES 

With  the  interest  in  alternative  energy  means,  there  lias  been  study  of  'etort i no  oil 
in-situ  from  oil  s'.ictlo  and  gasifying  coal  m-situ,  and  then  using  the  oil  or  gas  as  t  tie 
energy  source.  Laboratory  work  has  indicated  that:  for  in-situ  oil  shale  retorting, 
electromagnet lc  measurements  may  provide  information  such  as  grade  of  oil  shale  p.ior 
to  retorting,  amount  of  oil  retorted,  and  nature  and  position  of  oil  being  produced; 
for  i n-s l tu  coal  gasification,  electromagnetic  measurements  are  uso'nl  ir.  monitoring 
the  progress  and  location  of  the  coal  burnfront  (DAVIS,  P.  T.,  et  al ,  1°79). 

It  has  long  been  observed  that  rocks  undergoing  fracturing  omit  aooust ical  energy.  An 
interesting  physical  phenomena  has  been  the  observance  in  the  laboratory  that  ouartz- 
boaring  rocks  also  emit  radio  frequency  energy  as  they  are  being  fractured  (N1TSAN,  P., 
1977).  This  fracture-related  emission  has  various  potential  geophysical  applications 
ranging  from  monitoring  cracks  in  rock  deformation  experiments,  to  studies  of  electro¬ 
magnetic  effects  associated  with  earthquakes. 

•This  work  was  pel  formed  under  the  auspices  of  cho  U.S.  Department  of  Fne.gv  by  the 
Lawrence  Livermore  Laboratory  under  mci  ra.-t  qnnhq,-  n-i-ins— f iic-ia  .  . - .  . . - 
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4.  RECENT  AD2ANCES  TN  INSTRUMENT  DEVELOPMENT 

Equipment  development  can  permit  more  accurate  and  sensitive  nuasurements  and  thus 
enhance  the  ability  to  detect  surface  anoma  les.  An  an  example,  theoretical  studies 
have  indicated  that  it  i^  feasible  to  probe  to  unprecedented  dc-pt  hi  of  <  ..ioratior.  by 
monitoring  the  low  frequency  (10  to  2,000  H- )  input  resistance  of  a  single'  supercon¬ 
ducting  coil  ( MOKRI SON ,  II.  F.  ,  et  al  ,  1976).  To  see  whether  this  is  feasible,  rosc.ai  o'- 
has  determined  that  the  super-conducting  wires,  large  scale  nonnetallic'  cryostats,  the 
required  measurement  circuitry,  and  a  data  acquisition  system  for  a  superconducting 
coil  are  realizable  in  an  ai  -borne  system.  When  deployed,  tins  system  will  provide 
maps  of  absolute  ground  conductivity.  These  -esulfs  will  be  useful  in  mineral  .explo¬ 
ration  and  other  applications.- 

In  borehole  logqing,  it  is  important  to  distinguish  between  oil  and  water  within  f< 
medium  external  to  the  borehole.  By  using  a  sufficiently  high  fiequency  so  that  propa¬ 
gation  in  the  region  surrounding  a  borenole  is  qoverned  by  displacement  currents  i  itbor 
than  conduction  currents,  this  has  been  acnieved.  This  approach  measure's  the  differ¬ 
ence  in  time  of  arrival  of  a  signal  sent  from  a  transmitter  to  two  col  linear  receivers 
at  tile  side  of  the  borehole  (CALVERT,  T.  J.,  et  al ,  1977).  The  dielectric  constant  of 
the  fluid  filling  the  pore  space  within  the  rock  can  then  be  inferred  by  using  an 
independent  measurement  of  the  rock  porosity.-  As  water  and  oil  respectively  have 
relative  dielectric  constants  of  approximately  80  and  2,  this  permits  a  discommon'  oi 
whether  oil  or  water  is  present. 

S  .,  RECENT  ADVANCES  IN  OAT  A  PROCESSING 

before  fielding  an  experiment,  it  is  prudent  to  perform  an  experimental  design  and 
decide  which  experimental  format  is  needed  and  what  data  sampling  is  required  to 
adequately  resolve  the  expected  range  of  m >del  parameters.  This  approach  helps  mini¬ 
mize  experimental  co«ts  but  still  achieve  the  required  resolution.  A  tutorial  example 
of  how  to  perform  such  an  experimental  design  has  recently  been  provided  for  a  loop 
excitation  of  a  layered  earth  (WARD,  S.  H.,  1776).  Parametric,  geometric,  and  combined 
sounding  formats  were  considered  in  the  experimental  design. 

Geophysical  techniques  can  be  used  to  infer  the  structure  between  boreholes.;  Tne 
principle  behind  the  techniques  is  that  the  properties  of  a  medium  are  revealed  by  the 
effect  of  the  medium  on  electromagnetic  waves  passing  through  it.  The  properties 
revealed  by  wave  propagation  from  one  borehole  to  another  are  the  attenuation  and  the 
travel  time  (or  velocity)  of  the  waves.  The  basi  -  data-col loot  ion  procedure  with  two 
boreholes  is  shown  in  Figure  1.  Many  rav  paths  link  the  source  locations  with  the 
rocei-.or  locations..  With  thi  ,  combination  ot  many  source  and  receiver  locations,  one 
can  effective'll  sample  the  roqion  between  the  boreholes.  Unfortunately,  the  many 
source  and  receiver  locations  generate  much  data.  To  intoioret  this  data  and  preseni 
it  meaningfully,  we  need  a  pictuie  similar  to  tne  attenuation  picture  in  Figure  2. 
Fortunately,  tile  data-procossing  technology  that  has  boon  developed  for  the  medical 
ind  istry  (see  Figure  3)  can  be  adopted  (DINES,  K.  •*.,  et  a1,  1979)., 

The  basic  idea  of  the  procedure  used  to  infer  the  detailed  picture  of  the  region 
between  boreholes  is  shown  lit-  Figure  4,  A  remotely  sensed  variable,  say  total  attenu¬ 
ation  between  source  and  receiver,  is  the  sun  of  the  differential  attenuation  along  *  ho 
ray  path  linking  source  end  receiver.  For  simplicity,  three  representative  ray  paths 
linking  three  different  combinations  of  source  and  receiver  are  shown  in  Figure  4.  The 
cell  representation  indicated  has  only  four  cells,  denoted  is  colls  11,  12,  21,  and  22. 
The  local  att entuat ion  rate  in  cell  ig  is  denoted  as  n  .  The'  length  of  the  kth  ray 
path  through  cel;  ig  is  designated  as  ,D  .  Using  the  equition  "ormat  indicated  in 
Figure  4,  wo  can  easily  construct  and  solve  a  linear  system  of  equations  m  terms  of 
the  local  attenuation. 

This  format  for  data  collection  and  processing  was  tried  in  a  experiment  tilled  Forest 
Glen,  a  site  for  a  future  Washington,  D.C. ,  Metro  station.  We  collected  enough  data  to 
give  3000  ceils  »r.  the  picture.  The  picture  resulting  ftom  the  data  taken  is  shown  in 

Figure  5,  wher.-  the  shading  represents  tne  cell  attenuations  in  the  saipled  region. 

The  darker  region  near  the  top  left  signifies  a  region  of  high  attenuation  rate.  The 
lighter  region  near  the  bottom  signifies  i  region  of  loss  attenuation..  The  dark  reqion 
correlated  well  with  a  region  in  the  borehole  logs  that  indicated  heavy  fractunnq  and 
the  1  lqht  region  correlated  with  a  region  of  competent  rock.  These  results  indicate 
that  one  can  detect  lateral  and  vertical  • nhomogenei t l es  m  the  region  between  b.ueholes. 

A  question  that  commonly  arises  in  cross-borehole  data  interpretation  is,  "What  is  fie 
effect  of  ray-bending.’"  The  effect  of  ray  Dending  can  properly  be  accounted  for  by 

using  ray  optics.  This  enables  one  to  still  stive  the  inverse  problem  of  finding  a 

model  that  explains  the  experimental  data.  By  using  the  computer  to  study  the  syn¬ 
thetic  wave-velocity  profile  in  Figure  6,  .in  example  has  been  cor-tructecl  that  helps 
illustrate  the  effect  of  considering  ray  bending.  The  velocities  and  if  m  Figure 
differ  by  60*.  By  representing  the  region  lotwoen  boioholes  with  many  cells,  one  ca"' 
use  aa  iterative  data-inverse  procedure  to  infer  the  bending  ray  pa*hs  and  the  velocity 
in  each  cell. 

In  Figure  7  are  shown  the  presentations  of  the  ideal  profile,  the  inteipietod  profile 
ignoring  the  bending  rays  and  assuming  in  the  interpretat  on  that  the  rays  were  straight- 
line  paths  linking'  source  and  receiver,  and  the  interpreted  profile  accounting  and 
solving  for  the  bending  rays.  Note  that  the  it raighr- 1  me  assumption  gives  a  rough 


idea  of  the  structure,  and  the  bonding-ray  approach  gives  much  bettor  resolution. 

Thus,  for  some  problems,  it  is  possible  to  solve  the  inverse  problem  even  with  signi¬ 
ficant  ray  bonding. 

6 •  RECENT  ADVANCES  IN  DATA  INTERPRETATION 

By  combining  data  from  different  types  of  geophysical  measurements,  it  is  possible  to 
obtain  better  resolution  from  the  joint  data  set  than  is  feasible  from  data  obtained 
with  only  one  method  (VOZOFF,  K.  ,  et  al,  1975)..  For  example,  resisti/ity  data  provides 
accurate  infoimr.tion  for  the  resistivity-thickness  product  of  a  planar  layer  ground . 

For  the  same  situation,  magnetotel lane  data  provides  good  thickness  information  but 
limited  resistivity  information.  By  combining  the  resistivity  and  magnetotel lui ic  data 
for  a  site  adequately  described  by  a  planar  layered  model,  it  has  been  shown  possible 
to  obtain  good  resolution  for  both  the  resistivity  and  thickness  of  the  individual 
planar  layers. 

7.  SUMMARY 

Electromagnetic  measurements  are  meeting  a  wide  variety  of  applications  where  knowledge 
of  the  near  surface  geophysical  structure  is  required. 
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Fig  3  Geophysical  probing  can  use  data-reduction  techniques  de-  eloped  for  medical  tomography,,  going  both  side 

and  top  oewsot  the  region  being  probed 


Atten1  =1D11a11  +  iDi2a12+  1D21a21  +  1D22a22 
Atten2  =  2DHaH  +  2D12a12+  2D21a21  +  2D22a22 
Atten3  =  +  3^2^12  +  3D21a21  4  3D22a22 

Fig  4  The  total  attenuation  is  the  sum  of  the'differential  attenuations 
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I.  Kaufman.  US 

(. ! )  What  frequencies  hive  you  used,  and  what  determines  the  optimum  frequency'’ 

(2)  How  does  your  scheme  compare  with  data  obtained  and  cost  ot  seismic  methods  of  probing'’ 

(3)  Have  you  found  any  difficulties  that  are  due  to  refraction  of  your  e  m.  waves? 

Author’s  Reply 

(1)  Frequencies  of  1-500MH/  have  been  used.  Cenerally,  the  highest  frequency  th»i  will  propagate  when  high 
signal  to  noise  ratio  is  used.  However,  exceptions  occur  such  as  m  tunnel  detection,  where  as  low  a  frequency 
that  will  produce  two  significant  minima  is  usually  used 

(2)  To  my  knowledge,  seismic  methods  have  to  date  not  been  successfully  used  for  the  range  of  comparable 
applications.  In  terms  of  different  observed  effects,  seismic  methods  are  commonly  pulse  signals,  whereas  this 
electromagnetic  method  uses  continuous-wave  transmission 

(3)  For  the  situations  we  have  considered,  retraction  has  not  been  found  to  create  insurmountable  d.ffkiilties  It 
can  be  appropriately  accounted  for  theoretically  using  iterative  ray  bending  methods  A  report  describing  the 
results  obtained  using  this  approach  is  forthcoming  In  addition,  below  the  water  table  the  variation  of 
dielectric  constant  is  usually  not  dramatic  and  has  not  presented  undue  problems  as  yet 
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d  *  uno'  c.a  loti  o'  roe  1 1  e y  i  e 1 1  o'  nsnio  1 1  *a  t  \  on  po .  mo t  d  ’  *  t  ab  1 1 1  l  *  * 
do  ptopioUton  ot  do  mettr*  on  e\\donco  o*  pat  am*  1 1  os  impost  ant*  ,dont 
nunc.  Nous  mtvtsaqeons  succ*  ssi vomout  io  >s  a*  d’tav  cuide  yti.ulau*  ot 
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J.i)  Propagation  dans  ui.  guide  ».  i ro u  1  a ' re  die  left r ique  oreux 

Suit  un  ovltndre  i^reulaire  de  ravou  a  tonstitue  parur  die  1ft  t  rtqite  do  eatat  tertst  imie  i  eni.u.ie 

d’un  milieu  dicleetiique  inf  till  de  carat  tor  ist  iques  ios  ditterents  modes  de  pt  opa*».u  n*»  sent 

d ’ une  equation  modale  irapKeite  v^TRAITON,  J.A.,  l^M)  *  D»  us  la  eas  de.s  galenes  do  mine,  lo  milieu  l  c^t  vie 
l 'air  U  ii  )  et  le  milieu  d  est  un  die  lecf  rique  n  ui  magnet  ique  V  ^  ■  »  +  f '»,/*■,  .  ^  .  MAKCATIltl  et 
SCiiHKLJV^R  Vb*  )  out  propose  une  solution  approehee  de'  l'iquarion  modal  o'  valabK^poui  les  modes  tnreneuis 
qui  ont  une  constanto  de  pionagut  ion  h  proelie'  de  eelle  de  la  ptopagation  libre  dans  I’air  et  pour  un  ia\  >u  a 
de  la  galerie  beaucoup  plus  grand  quo  la  longueui  d'ondo  \  Kn  eftet  1*  equation  roodale  sVo»‘it  dans  o'  as  * 
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la  tesolution  appiochee  do  1 ‘equation  (.11  pormet  do  dodmro  1  ‘expu  ssion  doim.int  lo  t.ui\  d'  .it  tonu.it  ion 
du  modo  (n,  mV  :• 


a  -  1-  (hi  .  I  '  ue  i vi  i  i  >1 

V  -W  » 

OU  u  ost  lo  mlenU  i .io \ no  do  la  t one t ion  do  Bossol  d’ordro  ti — 1 les  modes  a  taiolo  p.ito  dono  los  modes 
.  urn  ' 

interieurs 

On  remarque  do  plus  quo  lo  tau\  d'attoi  aat ion  ost  orooort tonnol  an  oarro  do  la  longueui  d'ondo  )  ot 
invorsomont  prnport tonnol  au  cube  do  la  d  nension  do  lo  galerie.  11  appar.ut  dono'  qn'on  augment  ant  la 
frequ-'nco  do  travail  nous  pouvons  minimis?''  los  port  os  do  propagation  ot  quo  los  gaieties  do  gi  undo'  dimension 
sont  favorablos  ii  oo  tvpo  do  pr'pagat  i  on .  Fntin,  los  app .  loat  lot.,..-  numor<  quos  ns'titront  quo  los  portos  duos 
A  la  oonductivitd  dos  parols  sont  negligoahlos  par  rappot  t  m\  portos  pat  refraction  dans  lo  d  .oloo*  t  iquo , 
fonotion  do  la  pormittivtto  relative  ■  .  (OUXSFR,  ,1.1..  l^oi. 

A  1  GHz ,  les  poitos  »ont  prat  iquement  propot  t  lo-noi  los  i  I  t  vui  los  mouos  IF  ,  ot  ii  y-  .  pout  los  -x'dcs 
TMy[n  ot  KH  #■  Los  (tKidos  TF^j  ot  TM ^ ,  exigeant  um»  svmot'to  do  .ovolution,  lo  ..x’do°Fl  ^  dont  los  lignos  do 
champ  dloo  1 1  iqu«>  -out  parallel?*  onlro  olios  ost  un  mode  ii  taiblos  portos  susceptible  d'etre'  excite  dans  la 
galerie.- 

.i. 2 .  Propagation  dans  un  guide  leotangulairo  crons. 

lo  mod'le  do  guide  qui  s'anprocho  lo  plus  d'uno  gilotio  do  mine  rool'.o  ost  piobahloment  lo  guide 
diolootriquo  roc  t  angula  t  ro  creux.-  Copondant,  il  n'ost  pas  possible  d’otabln  an  »lvt  iquement  1 'oqu.it  ion  modalo' 
de  oo  typo  do  guide  it  cause  do  la  diffioulto  presentee'  pat  los  conditions  aus  limit?*  sui  los  patois.  l-no 
premiere  simplification  consist?  A  envisage*  t  no  galorio  possedant  dou'  p.- rois  oppose  es  const  it  uees  pat  un 
conduitour  parfait  (APAN.3.  ot  KNFl'Bl’Ml  ,  F, ,  I  a  7  s  >  l,-s  inodes  1  SF  et  ISM  t  longitudinal  section  olcctlic  ot 
magnetic)  susceptibles  do  s'v  propager  preser.ont  dos  coefficients  d1 it faihlissoment  voisuis  do  ecus  ttouvos 
dans  I'approxiiMt  ion  du  guide  citciilf.ro. 

D'autros  auteurs  tels  quo  1AAKMANN  et  SrFlKR  (Id, 'pi  out  otudio  lo'  guide  rec tangul.it re  dans  1  ’ bvpoibdso 
dos  faibles  portos  ot  pour  dos  hauteur  ot  largour,  notees  d^  et  d,,  boauooi’p  plus  grandes  quo  la  longueui 
d'ondo.,  Los  modes  KH  qui  peuvent  so  propagor  sont  icporos  avoo  un  ltultco  supplemental  to  V  on  It  suivant  quo' 
le  champ  eloctrique  a  sa  composanto  dominanto  vertical?  on  horiront  a  lo 1  'analyse'  modal?  fatto  on  sat  ist.us.i'H 
uniquomont  los  conditions  aux  limitos  sur  los  qua t res  patois  sans  tenir  oompte  dos  d.soopt imntos  aux  coins 
donno  une  solution  ji'imo  precision  satistaisanto  lorsque  los  portos  sont  taiblos.  los  eortes  do  propagation  pom 
los  mode.-.  FH  ot  KH  donnoos  respect  lvement  par  : 


rjVst  la  pennittivite  dos  parois  latotalos  tandis  quo  tT  correspond  ii  la  permit  t  ivi  to  du  toit  <-t  du 
plane  hoc  do  la  galerie.  ('os  lesultats  conoordent  avoo  ooux  ota'-lis  pat  FMSt  IF  '  t  lACAi'F  ( I  7  >  > .-  ('os  automs 
montront  egalemont  quo  los  pottos  ohmiquos  sont  nogligoables  J-v.int  los  peiteg  par  rot  taction  taut  quo  l 'angle 
de  porte  rest?  t'aiblo  (.  10  ) .-  Si  s*  -  t'.v’:.:  s'  y-v'.-t,  V 


rrt^vn?*  a»;  M'  o*ur^p  au 

.V«  ;vi  res  tv*if  '*v;\'iTK'm*jc * .Vtf  J 
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Fnfin  ime  approche  utilisant  la  >heor\e  des  raies  a  etc  faitc  par  S.F.-  KaIDAVP  et  3.R.  WAIT  i*9?4>. 

21  le  e*tt  tres  mtei essantt  en  haute  frequence  car  elle  of  Ire  I'avantagt  d'oviier  le  *alcul  des  couplag**s  -•litre 
les  m-mbreux  nodes  qu.  peuvent  so  propager.  >’ne  comparaisoe.  avei  les  resultats  obtenus  p,.»*  la  th'vri**  modal e 
lorsque  deux  paro»s  sent  parfai temcut  conduct  rices  a  d'aillcuts  ete  taite  par  tes  auteurs,  h:  yoirbis  .hoo- 
nques  font  apporattre  des  phenooenes  do  bartement  cuts  la  de»  ro is sauce  move  line  do  1 'amplitude  du  champ 
en  f once  ion  do  la  distance  emetteur-rov epteur  est  seusiblcment  exponent  lei le.  I 'effet  do  la  rugosite  et  ae 
i * \ncl maison  des  murs  est  beao^oup  plus  difficile  £  prendie  en  compte,  Kn  modifiaut  les  loettn lrnts  do 
reflexion  do  Fresnel  du  d  la  rugosite,  S.K  MAHMOUD  et  J.R.  WAIT  one  r.x'ntre  quo  1  attenuation  supplemental  re 
due  d  la  rugosite'  augc.entait  et.  ton.'tion  de  la  trequeme  mats  que  1  ’  at  i  a  lb  l  isscntent  utal  restait  une  tom  turn 
decroissante  de  la  frequence.  I  * :ncl inaison  des  parois  ptovoque  pat  contte  une  attenuation  supplemental  re 
lmDertante  en  haute  frequence  U*AGACF,R.L.  et  al.. 


Compte  tenu  de  la  diffivi  lie  theonque  toitcontree  dans  la  mode  1 1 sat  ion  U'une  galerie  de  rune,  de  non- 
breux  cssais  exper linen  faux  sont  uecessai res  d  la  comprehension  des  phenoracnes.  les  premieres  etudes  out  it< 
ent reprises  pat  GODDARD  (1*7  J),  CRARY  et  recenrnent  par  .1 .  illlW  ot  /i.U^'8^1.  PFRYCK  ki^78’>. 

Pans  cet  article  nous  completons  ics  travaux  piovedents  en  donnant  les  lOsultats  expei  uaeut aux  o  tenu* 
pour  d»  f lerents  tvnes  de  galer  i  os  dans  la  banjo  de  frequences  comprise  ent  re  -»0O  MHr  et  1000  MHz.  Nous 
t'n\  i  sageons  success  .veiucnt  la  propagation  dans  une  galerie  reetiligne  et  1*  influence  des  %ourbutos. 


3,  PROPAGATION  PANS  UNE  GAl.KRIF  RFCHUCNF 

I'antenne  dip,.  1“  d't mission  tixeest  alipvntie  par  \in  genorateui  UHF  delivrant  une  puissance  de  10  Watts.- 
l/antenne  de  iru^tum  mobile*  biar»v«w~*.  *  ui»  wtsureur  de  v  namp  par  1  ’  mteimediai te  J'un  cable  coaxial  de 
10  a  de  long  pv  .r  ie  pas  peiturber  la  mesure  par  la  t  resence  de**  operateurs.-  I’approche  theonque  avant 
niontre  que  le  champ  electrique  est  maximum  au  centre  de  la  galeiie,  les  dipoles  d'enussion  et  de  reception 
sont  toujoui splat  «•$  dans  cette  condition..  Nous  envisageor*  d'abord  la  propagation  dans  une  galerie  botonnee 
et  nous  etudierons  cut  suite  1*  influence  des  rugosite**  et  de  la  geometric  de  la  section  droit**  du  tunnel. 

J.I.*  Propagation  dens  une  galerie  hetonnee 

La  premi  '  galerie  envisagee,  representee  sur  la  figure  la,  est  de  sectionrectmigulaire.  File  est  caracte- 
nsee  nar  une  largeui  de  J.-+m  et  une  hauteur  de  J.  3m.  Seul  le  plancher  de  la  galerie  n'est  pas  betonne  mais 
le  sol  y  est  re lat lvement  lisse.-  Les  courbes  de  la  figure  lb  representent  b  variation  du  niveau  regu  N  en  db  au 
dessus  du  uV  en  f one t  ion  de  la  distance  x  ernet teor-rec epteur Cotame  nous  comparons  uniquement  des  at faibl issenents 
nous  n'avcns  pas  tenu  compte  du  gam  Je  i*  ..itenne  de  reception.-  Lai:eqv»nce  d'enussion  etant  de  1000  MHz,  duferentes 
orientations  d’ an  tenues  ont  ete  et.c’pcs.  Files  sont  reperees  par  deux  lettres  H  thoiirontaP  et  V  kveitical),  ia 
premiere  lettre  correspondent  d  la  position  de  I’antenne  d'emission  et  la  dcuxieme  a  la  position  de  I'antenne  de 
reception.  On  remarque  d'apres  les  courbes  que  1'  af  faibi  issensent  en  polarisation  VV  ou  HH  est  piatiquement  ie 
meme,  t*<  db/IOO&i  diivC  ce  ca>.*  IV  plus,  met**  apres  150m,  l'onde  reste  polar isee  puisque,  en  oxientation  c:  *).«ee 
VH  et  HV,  le  niveau  ie$u  est  d'environ  «0  ub  lnlesieui  a  celui  obtenu  lorque  les  antennes  d’emission  et  de 
reception  sont  paralleles.-  Sui  la  figure  J,  nous  avoirs  tiace  les  courbes  poui  tiois  tiequetices  ;<  **N0  MHz, 

750  MHz  et  1000MHz  el  pour  les  cont  igur  at  ions  HH  et  VY.-  lr  tableau  a  des  sous  lesume  »es  attaib  l  isscnvnt  s  ob  tonus 
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Tableau  I 

A  ICHz,  1'af  faiblissesient  mesure  est  super  leur  .1  celui  que  provoit  la  theoiie  nx'dalo  appiochee  poui  le  mode  a 
plus  faible  perte  a  U'  db/  100m  f  suivant  l  'orientat  ion  de  I'antenne  d'emissioi^  Dt%  plus  cet  at  taibl  issewent 
devient  pratiquement  independanl  du  type  de  polarisation,  horizontal^  ou  %eiticale.*  A  -.50MHz,  on  remarque  qv.c 
i’af;  .lblisseoent  en  pc’ansaticm  verticalc  est  bien  supeiieu*.  celui  obtenu  en  pvlaiisalion  hoi  i/.c*ntale .  11 
est  done'  interes sant  d ’ examiner  l’aa^'litude  du  n»*'eau  to^u  poui  des  ^ ont  iguiat  ions  d ’ antennes  c\oiseea  Vh  ou  H\  .- 

Sur  la  figure  3a,  cox  xespeudant  a  one  autenne  d*  emission  verticale,  u»*us  avons  i  cpxi  <»ente  1  at  taibi  issrw’U 
supplemental  re  du  a  une  reception  en  polarisation  Cioi*.ee.  Uette  .combe  -  NJt^.  *  t  nxuitte  que  la  compvsantt 

dif  fusee  excuo  prcgi  essivement  un  mode  de  polansation  hoiizontalo.  Au  bout  d’une  ctataine  do  me  ties.-  u*  nw'dt 
devient  d’ailleurs  pieponderant ,  1  niveau  re^u  en  cor.f  igut  at  ion  craisoe  \v  etant  super  teui  a  v.elui  obtenu  en 
configuration  patallele  W .*  La  combe  de  la  figure  3b,  N^,  -  *  ffx-),  obtenue  done  ioisque  I’antenne  d  emission 

est  horxzontale,  montce  que  l’onde  reste  p»lar»see  hoci zontalemeut ,  1 ’at laibl isseroeut  supplemental le  en  coutigu- 
ration  croisee  etant  oe  17  a  dO  db,- 


Jd-4 


A  une  diatattc*  de  100m  do  1'dmettevr  et  pour  une  frequence  dlmiaaion  do  750  NWa,  1 ’amplitude  du  champ  on 
diffdrenta  point*  do  l«  galerie  aetd  crUvdj  (figure  4).  Non*  consteton*  que  le  champ  eat  maximum  au  centre  du 
tunnel  et  quo  l'Scart  d'amplitud*  entte  le  chants  au  centre  et  mlul  meaurA  A  JO  cm  de*  parol*  •  11db  pour 
I'oriantation  HK  et  de  1C  db  pour  1 'orientation  VV.  Noun  remxrquon*  Agalement  qua  lea  tuyaua  et  hlee 

Alectrique*  n'introduiaent  qi'une  legcre  modification  de  la  carte  d»  champ  dan*  leor  proche  voitc  .  variation 
da  l'ordre  de  3db. 

Une  deuxifese  adrie  de  tneaure*  e  btb  effectude  dan*  un  couloir  aouterrain  dont  la  aecticn  droite  rectangu- 
iaire  eat  plus  faible  qua  da  ■  le  caa  precedent  (figure  5),  a*  largeur  dtant  de  2m  et  *«  hauteur  de  2.8t».  Lea 
courbe*  de  la  figure  5  donttent  leu  variation*  de  ('amplitude  do  signal  refit  en  function  de  la  distance  dmetteur- 
rdceptuur.  Le*  e’faibliaaemeut*  obtenua  aont  le*  auivant*  : 
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:  34  db/IOOw 

VV 
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!  J8  db/ 100m 

.11  db/IOOm 

t 

Tableau  2 

On  remarquc  que  memo  A  la  ftequence  la  piu*  blevie,  1 'attenuation  eat  heaucoup  plua  important*  que  celle 
trouvie  dan*  la  premiire  galerie.  Cect  pent  a'etpliquer  par  le*  dimenaion*  plus  taibles  do  la  section  droite 
du  couloir  aouterrain,  le*  iormule*  apprechde*  aontrant  utt  effaibliaaement  inver*ement  proportionnel  au  cube  de* 
dimenaion*  transversals* . 

Un  trnlaiAise  type  de  galerie  hotonnde  oO  de*  tneaure*  ont  (>tb  faitee  ae  caracterine  pa-  un  plafond  voulb 
(figure  a),  la  largetir  de  la  galerie  cat  de  T. lm,  sa  hauteui  au  centre  de  2.7m  et  au  niveau  des  paroia  iateralen 
elle  u'eat  plu*  que  ue  2.*..-  Contrairement  aux  deux  salaries  pvi>c*dentes,  le  sol  e*»  trb?  humide  et  parfoia 
raFste  recouvert  d'eau,  l.es  courbe*  d' amplitude  du  champ  vequ  *<«»  report  ees  sur  la  itgure  b  el  lea  taux  mo;  ens 
d'attenuat ion  sunt  t' notes  dan*  le  tableau  J 
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Tableau  l 


A  lOtla,  on  remdrqto  que  i *■  s  aticnuatious  :-ont  du  ...erne  ordte  de  gtandeur  que  celles  obtcuuet.  dans  la  pre¬ 
miere  galerie  ay. tut  une  stu  face  de  section  droite  eoisute.  I, a  torme  gdometrique  de  la  section  ne  aemhlc  dont 
pea  cue  utt  paramdtre  tt'As  critique  sur  la  '  i.eur  du  coelticient  d'attbnua"  ton  en  haute  !  rdquence 


1.2.  Propagation  dans  une  »a’erie  dont  lea  mure  prbsentent  une  ret  lame  tugoSite. 

Deux  series  de  mes'ires  out  etv  effectives  dap.,,  ties  gale'ies  de  mine  de  ebarhon.-  Dan*  le  oreraiei  caa  envisa¬ 
ge,  le  tunnel,  ayant  un-’  section  movennr  de  rorme  reel,  gulaire,  est  nialiqticmeni  a  1’etat  brut  . 'esl-A~.li  i  p 
qu'il  c  xnporte  trds  pen  t.e  so'ildiiomenti  at  tadpe*  nbtallique*  .>ti  ron.lins  de  bois,  Sa  largeut  mt'yeune  est  vie 
4.2m  at  sa  hauteur  do  2.8m.  l.es  i rregu'arite*  des  paroia  lateral**  el  platond  soul  Ires  variables  le  1  >ng  de 
jfllerie,  la  valour  moyenne  de  la  ngosilA  a  p.-ur  .■(j,-  de  gtandeur  -  15cm.  Les  variations  du  signal  re\u  et. 
(oncticp  Ac  l«  distance  bmel  eut-reerpleur  aont  i  ept'e- entees  sur  la  figure  7  pout  lea  frequence*  de  dSOMilr  rt 
I00QMH*.  Oirfbtent*  obstaiies  ..If  quo  presence  de  vagottnet*. .  .n'otit  pas  ptovoque  de  ( lu.  tuat  ions  irbs  n..po:- 
tsiuea  dy  signal  dans  leut  votsinage  cat  lours  .i ink  Psion*  t rauaverxalea  etaienl  beaucoup  plus  petite*  que  celles 
Ue  la  galerie.  De  plu*  ees  obstacles  local  tad*  ne  dbpassaienl  p„*  Sw  .'c  longiicui ...  Le*  attenuation*  wsovoiine* 


obtenue*  ont  btd  repof.bea  dans  le  tableau  a 

_ Frequence 

Oriental l  ..  _ 

a  Mi  Milt 

ItXXt  MUr 

llll 

23  vlb/’lXira 

It*  tlb/IOOm 

VV 

2 .  db/  liXiis 

Tableau  *, 


.w-s 

Bien  que  la  aurfgc*  d*  la  section  droite  de  la  talari*  (llm*)  aoit  plu*  important*  qua  call*  d*  la 
premiAre  galerie  (7,8*0,  aon  coefficient  d'atfaibliaa'ment  A  I  CHs  «*t  plu*  important.  Oeci  p«ut  a'expliquei 
par  la  rugoaitA  important*  d«s  paroi*.  La  difference  do  permtttivita  relativ*  autre  le  charbon  et  l»  baton  peut 
auaai  jouer  un  rSl*.  11  eerait  dvidemment  aouhaitable  ds  di»po**r  de  deux  galena*  tout  A  tatt  aemhlable* 
mat*  dout  laa  pamia  *oi*nt  de  nature*  different**.  Pour  une  frequence  d'Amiaaion  de  ICtU,  non*  dounon*  »ut 
la  figure  8  l'af  faibl.aaieent  aupplAnentaire  loraque  la*  antenna*  d'Aaiisaiou  et  de  reception  »ont  crcuen, 

Coimaa  dan*  la  ca*  da  la  premier*  galerie  Atudiee,  on  renutrque  qu'avec  une  excttatiou  hortioittale,  1'onde  reate 
polariaee  horiaontalement  (N„v  -  N„  as  -  15  db) .  Par  rout  re,  *>  l'antenue  d'emiaaiou  e»t  veittcale,  la  po la¬ 
ri  *at  ion  de  l'onde  •*  modifit  *t  aprd*  une  diitanc.e  de  propagation  de  l'ordre  de  1 00m,  I'onde  deviant  ddp<lati*ee 

W 

Une  deuxiame  configuration  correspond  A  cell*  trdqueMnant  tencontr'e  en  mine.'  11  a’agit  d’un  tunuel  aenai- 
blemant  aemi-circulaire,  toutenu  par  de*  cadre*  mAtalliques  place*  tou*  e*  50cm.  L'epaisseut  de  cex  cadre* 
aetallique*  auivant  la  taction  droit*  de  la  galerie  eat  d'environ  10cm.  mitre  cheque  cadre,  un  reaeau  de  til* 
uAtalliquea  parallel**  e-pacd*  de  10cm  dvite  lea  dbo^lament*  de*  bloc*  de  petite  taille.  I*  megulai i  te  movenne 
de*  paraia  darriir*  c*»  grillag's  e*t  de  l’ordre  de  -  5cm.-  L'humidtte  qui  rAgne  A  1’interieui  du  tunnel  eat 
ttAa  important*  car  alle  aat  voiaine  de  la  taturaivon  «n  cau. 

Nou*  a  von*  tout  d’abord  report*  *ur  la  figure  l>  l’amplitude  du  signal  re^u  A  kXXiHH*  pour  ditterente* 
ccnfiguraticn*  u'antanne*  ;  HH,  HV,VH.  On  remarque  qu„  pour  ce  type  de  galerie,  l'onde  eat  preaque  totalement 
ddpolaritde,  1' or tarnation  du  dipole  rAcepteur  dan*  un  plan  de  section  dioite  ayaut  peu  d* importance.  Pout  ne 
pa a  surcharger  la  figure,  noua  n'avona  pas  reporte  lea  point*  correapondant  A  la  contiguration  W  cal  tl*  *e 
aitucut  Agalement  dan*  le  image  for wA  par  le*  point*  precedents.  Une  autre  representation  possible  eat  donnee 
aut  la  figure  10,  Tout  d'abotd  la  eourbe  de  la  figure  10  <0»ontie  que  le  niveau  re<u  en  HH  eat  en  movenne  aupetieuie 
de  Jdb  A  celui  re^u  en  configuration  VV\-  On  note  aur  le*  figure*  10b  et  10c  qce  l'onde  danse  en  polarisation 
vertical*  eat  'ApolariaAe  aprAa  une  diatance  de  100a,  tandi*  que  cell*  emiav  an  polarisation  horiaontale  ne 
raate  que  tria  faiblement  polariaAc  (N™  -  N  51  ~  5dk).  Nou*  avona  tracd  sui  la  figure  II  le*  variation*  du 
aignal  re^u  pour  le*  configuration*  HN  et  v/'fivee  la  frequence  coma  paramAtre.  L«»  attaibl iaaeaent*  *ont  lea 
auivantai 


^Nv*Fr6«|uenc*  ; 

: 

Conf  iguiat  ion'^s.  f 

*50  Nils 

i  750  HH* 

1000  HN* 

HH  : 

5b  db/  lOOta 

i  35  db/IOO» 

JO  db/ 100m 

VV  : 

St.  db/  100m 

:  37  db/UXXa 

20  db/ 100m 

Tableau  n°  5 

Quel qua  aoit  la  frequence,  il  n'y  a  pas  de  polariaation  pnvilAgiee  donnant  un  coefficient  d' at  tent' it  ion 
minimum.  Enfin  une  carte  de  champ  Alectrique  dan*  un  plan  traniveraal  de  la  galettc  a  etc  taite  a  une  diatai le 
d'envtron  !70i>..  ue  l'Amelleui.  L' amplitude  de*  champs  en  different*  point*  eat  indiquee  ir  a  figuie  12.  lea 
me  *  u  re  a  ont  d'ahord  At*  faite*  en  maintenant  l'antenue  de  reception  dan*  le  plan  transversal  de  la  galerie  et  en 
l'orientant  dan*  ce  plan  de  maniAre  A  capter  le  maximum  de  champ  eiactriqu*.  lea  re*  ltata  aoutretit  qoe  I'aaqili- 
tude  du  champ  reate  relativement  conctante,  le  minimum  de  champ  »e  produiaant  an  voisinage  de*  parol*  avec  une 
attenuation  maximum  d' environ  tO  db  (*r  rapport  au  champ  existant  au  centre  de  la  galetie.-  $ua  cette  figure  1  2, 
l'amplitude  de  la  compoaante  longitudinals  dn  champ  eiectnquo  eat  agslement  indiquee.  bout  cela  l'antenue  de 
rbciption  a  done  AtA  laaiiitenue  parallel*  A  1'axe  oe  la  galerie.  ivtte  compoaante  longituditiale  eat,  bten  am, 
plua  faible  que  la  compoaante  ttanaveraale. 


3,3,  Cone lea ion 

En  conclusion  de  cette  premiAre  partie,  noua  avona  teporte  lea  attaibliaiieaent*  obtenua  A  1000  HU*  poui  le* 
different*  type*  de  galena*  AtndiAa  (tableau  b) 


Typss  ds  tunnel  i 

- i 

to 

t-0  : 

to 

:  t4! 

Position  dss  antannasS.  t 

i 

HH  : 

14  dh/  ItXXs 

J4db/  ItXXs  : 

lh  db/ ItXXs 

:  itl  dh/  ItXXs 

W  : 

U  dt>MOO» 

A  1  dh/  ItXXs  ! 

il  db/UXXR 

l  20  db/  ItXXs 

Tablaau  t> 


Nous  ramarquons  quo  ,  pout  le*  galenas  niviujCn .  '.  e  t*ux  d’attenuation  4  i  (SI*  depend  pan  du  p  1  an 
de  polarisation  de  I'onda,  le  facteur  le  plus  important  *tant  la  surface  do  auction  dioitc  do  la  galerie.  Au 
court  do  1  'dtude .  noua  avoua  vu  Agalement  quo  -t  )' antenna  J'etsiasion  eat  paiallAle  au  plua  petit  cote  vte  la 
galeno,  I'onda  ae  depolariae  rapidement  et  mAmt  dana  certama  c«V  to  niveau  requ  eat  plua  important  on 
configuration  crotaee  qu'on  cont igutat ton  parallile.  Bien  quo  pour  lea  section*  de  tunnels  etudiea  jusqu'4 
present ,  l'affaielissement  A  lOOONHa  aoit  encore  impel  taut,  il  eat  possihl-  d'Alablli  une  liaiaon  aut  quelquea 
celita.nea  do  mites,  notatwnont  pour  lea  tvpea  oe  galeiiea  (l>,  t.H  et  141.  hnfiti  un  awntage  do  ee  tvpe  do 
oropagation  rSside  dana  le  tait  quo  le  champ  oat  maximum  au  lentre  do  la  galeiie,  c'cat  4  due  14  o.t  ert  gini- 
ralement  ''ffectudgla  reception  et  quo,  de  toot  a  faqon,  1  ’af  f  aihl  laaemout  supplemental!*  du  A  une  reception  en 
uit  point  quelconque  de  le  aection  no  dopaaae  pea  IO»th,  aauf  A  pi oxirai t A  immediate  de*  paroia. 

4.  IXrtUKNCS  U’ltNK  lOl’BBK 

Le  premier  tunnel  quo  noua  avons  dAorit  lot  a  de  l ’etude  do  la  propagat  ion  en  lig.ie  droite  change  d’o- 
rientati'n  4  son  extrAmitA,  le  »avon  do  courhure  Atant  d' environ  .’0  »  iKigute  Hal.  liana  cette  tone,  le  tun- 
nil  a  un?  section  droite  en  forme  de  demi-cei  Me  et  oomporte  de  nenbieusex  armatures  mAtalliques.  le  reate  de 
la  galerie  eat  hftmuife,  c^tame  noua  1’avona  de)4  mdtque,  et  de  louse  to,  tangulaiie.  I’emotteur  s  Ate  place 
4  une  distance  de  s  ra  du  dehut  de  la  com  he  et  la  vaiiatiou  .('amplitude  ,lu  niveau  requ,  4  la  tiequeiice  de 
1000  Mil*  et  pout  les  oiienta>iona  VV  et  lilt  eat  repiAaeutee  sur  la  tiguie  Ha.  On  tematque  tout  d’ahotd  que 
Cette  courhure,  de  kl  m  de  long,  provoque  line  attenuation  de  10  db  pout  l ’oriental  ion  VV  et  de  1'  dl>  pout  l’o- 
rientation  till..  Puia,  dana  la  partie  rectiltgue  de  la  galeiie,  l’onde  se  ptopage  avec  un  tanx  d ’at 'euuat  ion 
trAs  voiain  do  celui  siesurA  lota  de  1’Atude  de  la  propagation  en  ligne  dioitc  ll»  dh'liXXsl, 

le  deux  i  Asm  tvpe  de  tunnel  dans  lequel  des  mesures  out  Ate  lattes  est  celui  dont  la  section  lioite  a 
approximat  i  vemeut  la  lorwe  d'un  demi-ceide  el  qut  oo«po>te  des  soul  Anement  s  met  al  1  iqtie*  sui  toute  sa  lor 

gueur.  ihi  avail  vu  dans  ee  cas,  qu‘4  HX'ONHt,  1  ’  at  t  aihl  .xsewvnt  cat  de  .’0  dh/ ItXXs  on  ligne  dioite.  le  oomte 

tait  par  la  galerie  a  un  tavon  de  couthute  de  ’ll'  ra  iKiguie  Hhl .  1X1  re.*  aut  cette  liguie  quo  1 ’at  lenuat  ion 
due  4  cette  courbe  do  hO  «  de  longueut  est  de  *  dh  pout  la  coin  igutat  ion  111!  et  de  40  dh  pout  la  conti  gut  a 
tion  W,  Le  coefficient  d’a!  taiht  issemeut  lineique  aptAs  la  cout  he  cat  de  ,’0  .lh  ItX'd,  done  idvutiquc  A  ,.*• 
lui  mesure  inttialement  en  pi opag.it  ton  lecti  ligne.  La  compataison  de  >  es  lAmltats  roont  tv  quo  1  ’ot  lent  at  von 
optimum  de  l ’antenna  d’ emission  depend  du  tvpe  de  tunnel  et  de  com  he  envisage.',  ,‘V  p.’np  .  *.j  f  f 
j' i  dawn  Ml  tv  ptx'txx, •:«»?«;  ;\ir  xn  ■.ciV.  r.,:  *  .in  rioptc '  .,i  V>t  pttv  A"'  .or  ,  v  ..! 

Knfin,  il  eat  intAtessant  de  savou  si  l’onde  toste  polatisee  apns  le  passage  dan*  une  paitie  >  out  - 
be  de  tunnel.;  Pour  cola,  nous  avons  icprts  la  ptemiAie  cont  igutat  ion  deciite  igalette  lectangu’aue  hot  ou¬ 
tlie  f  car  I’Atude  taite  en  propagat  ion  rectilig‘*e  nous  avait  montte  qu’4  liXXiMtl*,  I’on.h  lestait  polatisee 
sur  une  grande  distance  i  c  f  Figure  11.  les  courbes  de  la  tiguie  la  i  epic  sent  cut  done  respect  ivement  la  dit 

fdrence  entre  lea  uiveaux  teqiis  en  •  olat  >  sat  ton  paiallAle  «'t  en  polaitsatton  noisce  :  *'t 

N^.-N .  Ces  couthes  mont rent  d’.c  qu’aptAs  le  \uage,  le  champ  ie\u  en  cont  igutat  ion  VV  devient  supA- 

sup.'ricur  de  10  dh  4  celui  tequ  e.  tigniation  HH .-  Si  1 ’emission  xe  tait  ave.  une  anteeite  velttcale,  l.i 

polatisation  resto  matquee  -  *0  dM ,  Pat  .ontie,  si  l’anteime  d'emissien  ost  hoin  Hale,  l’onde 

se  dApolarise  totalement  .•  Oeci  lejomt  i.ne  .one  lust  on  taite  lots  de  I ’etude  de  la  piopagation  .-n  gtletie 
droite  si  le  niveau  toqu  dans  une  coni  igutat  ton  paiallAle  illll  dans  ce  .as'  est  intei  tent  4  .olui  ic\u  dans 
1’autre  conf  ig  uat  ton  IWl,  l’onde  emisr  avec  1’anteime  hoiisontale  se  depolaiise,.  la  teception  en  .onligu 
ration  cto.sAe  11V  pom  ant  sue  me  devenn  pieieiahle.. 

S..  PROPAGATION  KN  OALKRIF  NON  RKil  ll  lOf’f 

Le  tracA  et  la  coupe  de  la  galerie  soul  teplAsentAs  sot  la  tiguie  Is,  .«•  tunnel  piesente  don.  -lex  »ou- 
des  plus  ou  i»'iu»  important*  et  1’autenne  d’eraission  a  At  ’’  pla.Co  A  une'  di.statt.e  de  aO  a.  e  In  ptemtA.e  out 
bo.  On  voit  sur  la  figiite  1 '  qu’il  est  possible  de  donnei  une  valent  moseivto  de  1  ‘at  I  aihl  t « semen  I  lineique, 

A  4S0  HH*.  cet  affaihl  ixsemont  ost  de  ‘0  dh  hXXs  coiitte'  s0  dh  HXVi  A  USX'  Nllr..  A  title  de  compai  at  sou,  une 
galerie  red  t  ligne  de  section  a  pen  piAs  identtqne  piovoque  une  at  t  Anual  ion  de  *>h  dh  HXXs  A  a'O  Mil*  et  de 
iOdb/IOtXs  4  tOOiXHs.-  I ’etude  de*  .tiveaux  tequs  en  tenet  ion  de  1  ’oi  lent  at  ion  des  anteiiues  montte  que  la  po- 
larisation  hoiisontale  est  un  pen  plus  lavoiahie  que  la  polaitsatton  letticale. 


6.  CONCLUSION 


.19-7 


Nous  svons  Btudie  dsns  cet  article  la  propagation  libra  das  ondes  fleet romagnAtiques  dans  das  tun¬ 
nels  et  dans  una  ganse  da  frequences  comprise  antra  450  MHr.  at  I000NH*.  Nous  avons  vu  qua  dans  cette  hande 
da  frequences  la  coefficient  d'affaiblisaement  diminue  lorsqua  la  frequence  augment  a.  Pour  una  galaria  ayo.nt 
una  section  droita  d'environ  10  m  ,  1 'attenuation  3  450  MH*  ast  trfs  import  ante,  da  JO  A  40  db/IOOm.  Par 
cot.tra,  1  1000  NHs,  1 '(tablissement  d'unc  liaison  radio  sur  quolquec  cantainas  da  mftres  »st  envisageable, 
I'attfnuation  soyenne  6tant  comprise  antre  15  at  20  db/100  to.  Si  la  section  droita  ast  plus  faibta,  l'affai- 
blisseaent  augment a  rapidanent.  Pour  una  section  d'environ  5  is*  par  exemple,  1 'attenuation  i  1000  KUs  ast 
comprise  entre  30  et  J5  db/100  n.  Nous  avons  vu  fgalemenl  qu'un  changamant  d'orientation  du  tunnel  da  90*, 
se  faiaant  avac  un  rayon  da  courbure  da  20  m,  prtduit  una  attenuation  supplemental  re  A  1  GHs  da  20  3  30  db. 
Enfin,  pour  un  type  da  galeria  non  rectiligne,  nous  avons  montrf  qua  1 'attenuation  paut  attaindra  50  db/IOOm, 

Nous  poursuivons  actuelletaent  cos  experimentations  dans  d'autras  types  d»  tunnels,  tunnels  routiars 
notanssent,  prfsentant  una  section  beaucoup  plus  imponante,  Nous  ftudions  fgalcment  1* influence  d'ohstarles 
localises  telr  jue  vagonnets,  angina  ...  et  la  couptage  qui  sa  produit  a  l ' intersect  ion  da  deux  galaries. 
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Fiture  2  -  Galerie  rectangulairc  dont  les  aura  sont  bftonne*  :  amplitude  du  champ  pour  differences 
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Figure  3  -  Attenuation  auppltawntaire  due  A  une  configuration  d'antenne*  rroisAc*. 
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DISCUSSION 


E.D.R.  Shearman,  UK 

There  has  so  far  been  no  mention  of  the  natural  and  man-made  noise  environment,  yet  it  is  clearly  an  essential  part 
of  the  assessment  of  a  complete  system.  Has  the  author  any  information  on  the  levels  of  man-made  and  natural 
noise  over  the  relevant  frequency  band? 

Author’s  Reply 

In  the  high  frequency  range,  there  is  no  natural  noise,  since  the  electromagnetic  waves  are  highly  attenuated  during 
their  path  from  the  e  rih-surface  to  a  mine  tunnel  the  man-made  noise  is  due  essentially  to  the  multiple  harmonies 
of  the  electric  current  (SO  Hz)  and  to  the  motors.  In  this  last  case  you  can  measure  the  noise  for  frequencies  smaller 
than  SO  MHz,  but  in  the  HF  or  UHF  range  it  becomes  negligible,  and  the  noise  amplitude  is  smaller  than  the  noise  of 
the  field-strength  apparatus. 
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EXCITATION  OF  THE  H.F.  SURFACE  WAVE  BY  VERTICAL 
AND  HORIZONTAL  APERTURES 

Janes  R.  Walt  and  David  A.  Hill 
Institute  for  Telecommunication  Sciences/NTIA 
U.S.  Dept,  of  Commerce,  Boulder,  Colo.  80303,  U.S.A. 

ABSTRACT 

Excitation  of  the  Zenneck  vave  over  a  flat  homogeneous  earth  model  was  examined  earlier  [Hill  and  Wait, 

1978].  .he  infinite  vertical  aperture  with  a  Zenneck  wave  variation  was  found  to  excite  only  the  Zenneck 
wave  with  no  radiation  field.  The  finite  vertical  aperture  was  found  to  excite  a  field  which  is  similar  to 
the  Zenneck  wave  near  the  aperture  but  resembles  the  usual  ground  wave  at  large  distances.  Numerical  results 
for  the  various  aperture  heights  were  given  for  frequencies  of  1  and  10  MHz.  Both  homogeneous  ground  and 
sea  paths  were  considered.  Here  we  consider  the  generalization  of  the  theory  to  allow  fully  for  earth  cur¬ 
vature.  Also  both  vertical  and  horizontal  apertures  are  considered.  These  formulas  ate  the  basis  for  more 
field  strength  calculations  for  various  aperture  distributions  including  the  Zenneck  wave  taper.  The  con¬ 
clusions  reached  earlier  [Hill  and  Wait,  1978]  are  not  modified. 


1.  INTRODUCTION 

Ever  since  the  pioneering  work  by  Zenneck  [1907]  and  Sonmerfeld  [1909,  1926],  the  propagation  of  radio  waves 
along  the  earth's  surface  has  captured  the  fanev  of  theoreticians.  The  subject  reached  a  state  of  some  ma¬ 
turity  in  the  1930-1940  period  when  Van  der  Pol  and  Bremmer  [1937,  1938,  1939]  exposed  a  general  theory  for 
the  diffraction  of  a  dipole  field  by  a  finitely  conducting  spherical  earth.  Their  approach  also  reached  8 
pinnacle  of  complexity  because  they  wished  to  retain  mathematical  generality.  But  they  did  clearly  identify 
the  nature  of  a  number  of  approximations  that  led  to  simplified  working  formulas  (i.e.,  the  residue  series) 
that  have  been  used  by  many  for  numerical  studies.  This  subject  is  very  clearly  and  exhaustively  described 
b>  Bremmer  [1949]  who  also  made  important  individual  contributions. 

Benefiting  by  hindsight,  a  series  of  papers  by  Fock  [1945,  1965]  and  his  Soviet  colleagues  appeared  about 
this  same  time  that  essentially  rederived  the  Van  der  Pol-Bremmer  theory  by  introducing  vari.us  physical 
approximations  at  the  outset  rathei  than  at  the  end  of  the  analysis.  In  a  parallel  development  based  on 
wartime  research  in  the  early  1940s,  Booker  and  Walkinshaw  [1946]  showed  that  the  residue  series  represen¬ 
tations  were  really  nothing  mote  than  sums  of  normal  modes.  When  the  problem  was  formulated  in  this  fashion 
'or  a  perfectly  conducting  earth,  the  modal  spectrum  was  discrete  and  no  need  arose  to  introduce  a  contin¬ 
uous  spectrum  of  modes  that  was  an  inherent  feature  of  the  earlier  studies.  Soasnerfeld  was  apparently  very 
conversant  with  this  approach  as  can  be  evidenced  by  his  most  eloquent  discussion  of  a  related  problem  in 
his  famous  Munich  lectures  on  theoretical  physics  [e.g.,  see  Sommerfeld,  1949], 

Here  we  present  an  exposition  of  the  normal  mode  approach  to  ground  wave  propagation;  this  formulation  is 
well  adapted  to  the  solution  of  the  surface  wave  excitation  problem.  The  principal  end  result  is  the  residue- 
series  representation  for  the  vertical  electric  field  over  a  spherical  earth  when  excited  by  either  a  verti¬ 
cal  or  a  horizontal  antenna.  The  derivation  incorporates  the  ssential  features  of  prior  analyses  without 
becoming  embroiled  in  the  mathematical  niceties  of  branch  cuts  and  intricate  and  tricky  deformations  of 
integration  contours  in  the  comrlex  wave  number  planes.  Previous  papers  that  deal  generally  with  the  topic 
are  as  follows:  Spies  and  Wait  ,1966],  Wait  [1967],  Zucker  [1969],  Bahar  [1970],  Wait  [1970],  Wait  [1971], 

Cho  and  King  [1972],  King,  et  al,  [1974],  Wait  [1974],  King  and  Wait  [1976],  Many  of  these  papers  also  con¬ 
tain  addlticnal  references. 

We  will  deal  exclusively  with  an  airless  earth  since  the  physics  of  the  diffraction  process  is  not  changed 
when  a  smooth  gravitationally  stratified  atmosphere  is  allowed  for  [Fock,  1965,  Wait,  1972].  Furthermore, 
the  earth's  lower  boundary  is  taken  to  be  a  homogeneous  dissipative  medium  characterized  by  a  £ pec if led 
conductivity  a  and  permittivity  e.  Any  irregularities  of  the  surface  profile  of  the  earth's  lower  boundary 
are  also  ignored.  Wc  neglect  any  ferromagnetic  effects  and  assume  that  the  whole  space  is  characterized  by 
the  free-space  permeability  y^. 

2.  FORMULATION 

Our  specific  propagation  model  is  illustrated  in  Fig.  1.  In  terms  of  spherical  coordinates  (r ,6,$)  the 
earth's  surface  is  at  r  -  a  where  a  is  the  actual  earth's  radius.  A  conically  shaped  source  region  is  de¬ 
fined  by  r  >  a  and  0  <  ©o;  later  we  let  60  become  vanishingly  small. 

An  essential  point  of  the  present  derivation  is  that  complete  azizuthal  syanetry  prevails  in  the  sense  that 
3/3$  •  0.  Also  the  source  itself  is  assumed  to  excite  only  T.M.  (transverse  magnetic)  waves  in  the  sense 
that  the  magnetic  fieid  has  only  an  azimuthal  or  $  component  H^,.  Simple  physics  tells  us  that  the  elec¬ 
tric  field  has  only  components  Ey  and  Eg.  It  is  not  surprising  to  learn  that  all  three  field  components  can 
actually  be  derived  from  a  single  scalar  function  U.  For  example,  in  the  region  r  >  a  and  0  >  6o,  if  we 
write 

H.  -  -ie  wSU/30  (l) 

?  o 

then  U  is  what  is  known  at  a  Debye  potential.  Here  z  is  the  permittivity  of  free  space  and  w  is  the  angu¬ 
lar  frequency.  The  assumed  time  factor  is  exp(iut).  Then,  from  Maxwell, 

Er  -  <k*  +  3*/3r*)(rU)  (2) 


l/r)(3»/3r30; 
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As  a  further  consequence,  for  r  >  a  and  0  >  0O, 

(V*  +  k*)U  »  0  (4) 


Solutions  can  be  obtained  by  straight-forward  separation  of  variables*'  however,  we  do  not  need  to  Insist  on 
slnglevaliednes?  In  the  infinitely  extended  0  domiin  rince  we  restrict  attention  to  n  >  0  >  0  ,  The  radial 
functions  ate  spherical  Hankel  functions.  hv(kr)  of  order  v  that  behave  as  exp(-ikr)  as  the  argument  kr  ■*  <*>. 
The  corresponding  angular  functions  are  Legendre  functions  PyC-cosO)  also  of  order  v;  the  argument  -cos© 
or  cos(ff  -  0)  is  chosen  such  that  the  fields  remain  finite  at  the  antipode  4  «  rr.  To  be  explicit  we  wr'te 


»-X/» 


hv(kr> 

TTlkoT  pv(-=oa9) 


where  the  summation  encompasses  all  required  values  of  v  (to  be  specified  below), 
yet  to  be  determined. 


(5) 

Here  Ay  is  a  coefficient 


3.  THE  "URF.iCE  IMPEDANCE  CONDITION 


We  nov  invoke  the  surface  impedance  boundary  condition  that  greatly  simplifies  the  derivation, 
this  requires  that 

Eg  ■  -ZH^(ac  r  «  a) 


Simply  stated, 

(6) 


When  Z  is  the  surface  impedance.  A  good  value  to  choose  for  this  parameter  is 

Z  -  (ik/Y)[l  +  (kJ/Y*>  l%r>  (7) 

j,  0  J, 

when  Y  ■  [  1uouj(ct  +  lew)]  is  the  propagation  '.onstanc  for  the  earth  and  n  “  (uQ/eo)  ”  HO  is  the  charac¬ 
teristic  impedance  of  free  apace.  Actually  this  form  for  Z  would  be  exact  for  a  vertically  polarized  wave 
at  grazing  incidence  on  a  planar  earth  moJel.  The  so-called  Leontovlch  boundary  condition  [e.g. ,  see  Fock 
1965]  is  nothing  more  than  the  simpler  version  Z  »  (ik/Y)n0  that  has  the  addit.  r.al  constraint  | k2 / r2 1  «  1 
Actually  the  surface  impedance  formula  can  be  made'"exact"  for  the  present  problem  by  using 

Ev,0  “ 

Wh*re  _  1  f  n/3r)[rjv(-iYr)) 

Zv  “  a  +  UlU  [  rjv(-iyr) 


(8) 

(9) 


is  the  "Impedance'  for  spherical  wavus  of  order  v.  Here  jv  is  the  spherical  Bessel  function  that  remains 
finite  at  r  *  0,  the  center  ci  the  earth  1  The  limiting  case  (7)  la  obtained  from  (9)  when  the  Debye  approxi¬ 
mation  is  nade  and  noting  that  the  Important  values  of  V  are  neai  k  (i.e.,  grazing  waves).  The  reader 
ccn  delve  into  this  question  by  read4ng  tht  author's  textbook  [Wait,  1972]  and  several  review  papers  on  the 
subject. t  Hi  .e  we  will  be  content  w  h  the  form  given  by  (7)  which  has  the  grea,.  merit  that  Z  tho  effec¬ 
tive  surface  impedance  of  the  earth  c'jes  not  iepend  on  the  characteristic  value  v.  As  a  consequence  our 
boundary  condition  becomes 

|s  1  k.  Xh»,x>  |  „ . 


(t0) 


ka 


Another  revealing  form  of  this  equation  is  obtained  by  rewriting  it  as  follouo 


Z  +  Z 


e,v 


0 


(11) 


where 


1  fO/?r)[rhv(kr))] 
Ze,v  “  ‘  TFw  L  rhv(kr)  J 


(12) 


is  an  "extr  tal"  wave  Impedance.  Equation  (11)  can  be  termed  the  transverse  resonance  relation. 

4.  AIRY  FUNCTION  APPROXIMATION 

In  spite  of  the  compactness  of  CO)  the  determination  of  roots  is  a  formidable  task.  In  the  ca.-ly  work  on 
the  subject  such  as  by  Vvedensky  [1935,  1936,  19j7]  and  Millington  [1939]  in  the  early  30s,  the  so-called 
tangent  approximation  wee  made  which  in  effect  replaced  the  spherical  wave  -'unctions  hv(kr'  in  (10)  by  their 
second  order  or  Debye  representation.  Unfortunately  this  approximation  breaks  down  Just  where  it  is  needed 
most,  i.e.,  fer  the  lowest  order  roots  where  the  attsr.uatlon  is  the  least.  It  was  primarily  Var.  der  Pol  and 
Brenner  who  surmounted  this  difficulty  by  utilizing  a  third  order  representation  for  the  sphe  icai  wave  func¬ 
tions  in  terms  of  Hankel  funct.'  ms  of  order  J/3.  This  process  is  described  in  a  very  comprehensive  fashion 
by  Brenoer  [1949 j  In  his  book,  n  similar  s-.-‘,  in  many  respects,  a  parallel  development  waa  carried  out  ly 
Fock  [1961]  who  used  a  very  compact  Airy  function  representation  that  was  equivalent  to  the  more  rumbe*»so"i8 
Hankel  functions  of  order  1/3.  We  will  adopt  the  latter  form  here;  it  amounts  to  making  the  substitution 
v  1/2  -  (ka/?)*”t  t  ka  and  to  writing  ... 

Xhv(X)  ■  i(ka/:)1/bw(t  -  y)  (13) 

where 

y  "  (2/ku)‘^3(x  -  ka),  x  “  kr 


and  where  the  Airy  function  w(t)  saddles  the  Stokes'  differential  equation 


t  s.g.,  see  Hat  of  references,  notably  King  and  Walt  [1976]. 
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(d*/dt*)w(t>  -  <-v(t)  -  0  (14) 

la  terms  of  cop temporary  Airy  functions 

w(t)  -  *1/2(Bi{r)  -  iAl(t)) 

’JeiTg  (13)  and  the  correspond  In*  form  for  the  derivative,  we  easily  deduce  that  (10)  or  (11)  it  approximated 
by 

(dv(t)/dt)  -  qw(t )  ■  C  (13) 


where  q  ■  -i(ka/2)2^3Z/n  • 


Soots  of  this  equation  are  denoted  t,  whe.'e  the  subscript  s  asnuaes  the  values  1,  2,  3...  .  The  corres¬ 
ponding  values  of  the  roots  vs  ore  then  obtained  frc.* 

v$  +  (1/2)  »  ka  +  (ka/2)1''3  t# 

which  is  a  hishlv  cccurate  approximation  for  *-he  lower  erder  roots  whore  |v#  -  ka|  «  (ka/2)*^3. 

5.  THE  EXCITATION  PROBLEM 

A  further  key  step  in  the  analysis  is  to  enforce  the  source  condition  which  va  can  state  as  follows 

I(r)  *  2itr0  H.  (r,8  )  (16) 

09  o 

for  60  «  1  and  for  a  <  r  <  ®\  Here  I(r)  can  be  interpreted  as  the  total  axial  current.  Now,  following 
Sostierfeld  (1949),  we  note  that  for  0  i<  1 


and 


Pv(-cos8)  «-1sin(\m)ln82 


3Pv(-cus8)/3B  »  s  ain/vs)(2/8) 


(ID 

(IS) 


Then  using  (1)  and  (S),  the  condition  (13)  bee  octet 


Erh.(kr' 

vM^)3'n 


Vff 


(19) 


where  the  suonatlon  is  to  incltio  all  roots  v  or  oa.  An  Important  aspect  of  the  present  development  le 
that  the  radial  wavo  functions  for  those  discrete  modes  (l.e.,  v  -  v,)  are  orthogonal  in  tha  sense  that 


f 


h^Ckrlhy.fkt'/dr  -  0 


(20) 


if  v  i  v'.  This  relationship  jlds  cxactlv  under  the  assumption  thst  the  surface  impedance  boundary  condi¬ 
tion  given  by  (6)  is  valid  for  all  diacretc  modes.  Further  discussion  of  this  point  appears  elsewhere  (Valt, 
1968)  where  it  is  also  shown  that  the  normalising  integral  can  be  approximated  by 


/K(k,)l; 


^  ka  \  3^3  1 

ka  u 


(21) 


for  the  roots  v  "  v^.  It  is  now  a  simple  Matter  to  deduce  that 


\*T 


:  2  )1/3  1  ftnVw  1 

4  w  t  •  q*y  r)  hv(ka>  T 

a  e 


dr 


(22) 


If  we  deal  with  a  vertical  (i.e,,  radially  oriented/  electric  uinole  source  at  r  •  r0,  this  amounts  to  say¬ 
ing  that 

I(r)  -  Ids  6(r  -  r  )  (23) 

where  S(r  -  r0)  is  th<  unit  impulse  function  of  r  «■  r0.  Then  (22)  reduces  to  the  approximate  form 

i"_  /,  \l/3  ,  ldsw(t-'y-> 

_■  r 

q 

1/1 

where  y0  »  k(2/ka)  '  (rQ  -  a)  end  where  the  Airy  function  representations  for  the  spherics!  Ranke 1  functions 
is  vsHd  when  jkr  -  v|  «  (ks/2)2'*. 


.  lno  /  2_  V'3  1  Ids  W(%  ~  >o> 

v  ”  *  slnV»  V**  I  t  -  q *  ro  "‘‘l3 


(24) 


6. 


EXPRESSIONS  FOR  THE  FIELD 


The  field  quantity  of  most  physical  interest  is  t.ie  radial  or  vertical  electric  field  E  .  Clearly  from  (2) 
this  is  given  by 


Er  -  + 13  MSr  y-*°*9) 


(25) 


V  *■  v„ 
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Again  here  the  height-gain  function  can  be  represented  in  terns  of  Airy  functions  by 

hv(kr)  w(tg  -  y) 


hv(ka)  v(ts) 


(26) 


where  y  »  (2/ka)3^3k(r  -  a)  provided 


jkt  -  v|  «  (ka/2)2/3 

for  the  applicable  range  of  the  heights'r  -  a.  Also  in  most  cases  we  approximate  the  multiplicative  factor 
V(V  +  1)  =  (v  +  1/2) 2  a  [ka  +  (ka/2)1/3  tg]2  =  (ka)2  (27) 

for  the  moat  important  tern.;  in  (25) .  Also  in  this  sane  vein 

/  2  \1/2 

Pv(-cos6)  a  {  J  coal  (V  +  1/2)  (n  -  0)  -  f )  (28) 

provided  jv|  »  1  and  8  is  not  near  tt.  In  fact,  the  further  simplification  is  possible  in  most  cases: 


P  f-cos0) 


'  (  irk 


ffkaO  / 


i  exp[+i(v  +  1/2)  (it  -  0)  -  i  J) 


(29) 


since  f-Im.v(2ir  -0)]  »  1.  Here  we  can  laeutify  60  -  d  as  the  great  circle  distance  betueen  source  dipole 
and  observer. 


Having  made  all  the  above  approximations  it  is  possible  to  write  (25)  in  the  following  form 


_  ar  /  mc\  1/2yrt>ta  -  y0>  »(t,  -  y) 

r  “  o  V  i  a  w(t  )  w(t  ) 

C  *■_  'I  o  9 


(30) 


where  x  ”  (ka/2)1^3  0  ■  (ka/2)3^3  d/a  and  where 

E0  “  -iP0<aIds/(2ttd) 

can  be  identified  as  the  corresponding  vertical  field  of  the  electric  dipole  located  on  the  surface  of  a 
fat  perfectly  conducting  plane.  The  ratio  E  /E  is  sometimes  called  the  attenuation  function  and  denoted 
W.  r  ° 


7. 


DISCUSSION  OF  HEIGHT  GAIN  FUNCTIONS 


We  now  backtrack  a  bit  and  consider  that  we  have  a  ground  based  vertical  antenna  of  physical  height  h  with 
a  specified  current  distribution  1(h).  Then  it  easily  follows  that 

h„ 


'  ili  tt  r  °  7 

Er  *  "  [jSrJ  I(h)dhJ  V 


where  the  corresponding  attends cion  function  Is  written 


where 


s  s 

G  (y)  -  w(t  -  y)/w(t  ) 


(31) 


(32) 


(33) 


is  the  "height-gain”  function  for  the  observer  and  Hg  is  the  "cource  excitation"  function  defined  by 


where 


/«  ir° 

Hg  -  /  I(h)Gs(y)dh j\  I(h)dh 


y  -  (2/ka)1/3  kh 


It  is  now  rseful  to  note  that  the  function  G(v)  "  w(t  -  v)/w(t)  in  eeneral  satisfies 

d*G/dy*  -  (t  -  y)G 

Also,  of  course,  G(0)  “  1  and  because  of  the  boundarv  condition  (15) 

•  -q 


[dG  /dy] 
s  y  •  o 


Then  it  is  a  simple  matter  to  show  that 


G,(y) 


t,y*  1  +  t8q 

-  1  -  qy  +  A - 7 —  y  +  ... 


(34) 


(35) 


(36) 


6 


(37) 
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i 

I 


S» 

r. 


or,  more  generally  that 


v-'-Ev/ 

n  ■  0,1,2. . . 


where  the  coefficients  A  satisfy  the  recurrence  relation 


when,  by  definition 
of  course  we  can  also  write 

where 


A  (n  +  2)fn  +  1)  -  A„  t  -  A  . 

s,n  +2  s»n  s  s,n  -  1 


A  «  5  and  A,»A,»A,«0 
O  •)  —2  —3 


c,<y> 


n«0 


(c2/k*)1/3‘i"  \,n 


The  "source  excitation"  function  io  now  written 


Jv*  /  r‘° 

\  *s,n /  Kh)hndh///  l(h)dh 


n-0,1,2  «* 


(38- 


(39) 


(40) 

(*1) 

(42) 


This  i-amediately  illustrates  that  tho  higher  ordet  momenta  of  the  current  distribution  say  contribute  signi¬ 
ficantly  to  the  total  field. 

We  now  represent  the  source  current  diatrlbutlon  as  a  sun  of  a  finite  nunber  of  exponentials.  That  la,  we 
let  v 

1<h)  pn  •xP<”aBh)  (43) 

a  ■  1,2,... 


for  h0  >  h  >  0  and  specify  that  T(h)  -  0  for  h  >  h  .  This  Is  an  obvious  fora  for  the  source  if  we  are  at¬ 
tempting  to  optlnixe  the  launching  of  sone  type  of°surface  wave.  Thru  using  (43)  and  (43),  it  follows  readily 

that  . 

"o  /r _  ."q 


or  eoulvalently 


where 


and 


h.  -]£  S.v./e^h  dh] 

■  n<>  ■  o 

H*  "  £  £  VmVn/V/m.o 

h  *  n  *  ** 


A-.n  '/ 


.-'W' 


hndh 


El  -  4“W, 

n+1 

°m 


\  +  '<1  ,  n<n  -  l)h0^  _fiL 

c*-.  *  3  *  n  *  irfl 


-a-sh 


dh  - 


1  -  e-3*ho 


(44) 

(45) 

(46) 

(47) 

(48) 


8. 


EXTENSION  TO  HORIZONTAL  ANTENNA  ECC  .‘TAT  I  ON 


In  formulating  the  problen  we  had  assumed  an  nzlmuthally  symmetric  source  that  was  specialized  to  a  radially 
oriented  vertical  antenna  carrying  a  fl '.amenta l  current.  This  Is  the  uost  obvious  choice  of  «  transmitting 
antenna  that  is  to  launch  a  vertical1/  polarized  (or  T.M.)  ground  wave  over  the  apherlcrl  earth.  But  another 
strong  contender  is  a  horizontal  antenna  that  car-<es  a  specified  fllamentsl  current  throughout  It’s  length. 
The  natural  building  block  here  Is  the  horizontal  or  tangentially-oriented  electric  dipole.  Thus  we  could 
begin  with  the  formal  exact  solution  of  the  Horizontal  electric  dipole  In  the  vicinity  of  a  homogeneous 
sphere  [Wait,  1956],  This  formalism,  however.  Is  not  needed  fo*-  present  purposes  If  we  make  use  of  the  re¬ 
ciprocity  theorem  and  the  prior  solution  for  the  vertical  electric  dipole. 

For  the  vertical  electric  dipole  an  Individual  mode  or  term  In  (5)  can  be  written 

0  -  avhv(kr)Pv(-coaC)  <**> 

where  the  tadlal  function,  of  argument  X  »  kr,  satlefies 

(dVdx’HX^)  +  tXJ  -  v(v  +  l)lhv  •  0  (50) 


Also  for  the  range*  of  Interest, 

-1  /2 

P.  (-cosO)  »  const,  x  (slnO)  1  exp  t-i(v  +  1/2)8) 


\ 


l 


(51) 


EV,r  "  v(v  +  l>r  wv 
HJ(*  a  “Eo“(v  +  1/?>uv 

Kv,0  “  “1<v  +  1/2>3<rV/3r 

Nov  the  "wave  tilt"  parameter  V'v  for  a  given  mode  le  defined  and  given  by 

H  „  SA  „  .  i  3L  (rll) 

V  E.,  „  v(v  +1)  U  3r 


Using  (52)  this  can  also  he  written 


Vs-  -jAX-f  <L  /  .»*  ,  (5*) 

v  v(v  +  DrK^  3r  Ev,r}  '  ’ 

The  corresponding  "va^  e  impedance"  parameter  is 

2  • - (57) 

v  r<o(v  +  l/2)r 

Nov  using  the  Airy  function  approximation  ^iven  by  (13)  It  follows  without  difficulty  that 

*  W  (t  -  y) 

v  s  | - —2 - (58? 

V  Sq  w(t^  -  y) 

where  A  and  S  are  defined  by  q  -  -l(k«/2)1/3A  or  A  -  2/n0  and  (v  +  1/2) 2  ®  v(v  +  1)  s  (kaS)2,  Here,  as 

before,  t«  for  mode  s  is  related  to  v(or  v8)  by  (v  +  1/2)  a  ka  +  (ka/2)l'3t  .  In  most  cases  S  can  be  re¬ 
placed  by  1.  Thus  wo  see  that  Wy  -*•  A  as  y  •*  0  since  w'(tg)  •  qv(t8).  8 

An  equivalent  representation  for  thv  wave-tilt  parameter  for  a  given  mode  follows  from  (33),  thus 

Mv  *  -  s-gV  °*(y)  (59) 

On  using  the  series  for  the  height  function  G#(y)  given  by  (37),  it  follows  thst 

*  1  ~  t,y/<l  +  (1/2) (1  +  t  q)y*/q  +  ... 

Vv  =  §  - * - 5 -  (60) 

i  -  qy  +  tgy/2  ... 


Now  if  we  write  S  -  (1  -  C2J  -,Z  ®  1  -  (C?/2)  then  for  a  giver,  mode  t8  «  -C2(ka/2)2^  .  Keeping  Just  first 
order  terms  in  y  we  sec  that 


V  n  i  ~  »?C  .  (6)) 

V  S1  +  lk(r  -  a)  1  ; 

This  result  can  be  shown  to  be  quite  consistent  with  the  corresponding  <ave  tilt  for  a  vertically  polarized 
wave  with  an  angle  ol  incidence  of  arc  cosC  or  arc  sinS  (i.e.,  for  a  grating  angle  of  approxlsiatcly  C 
radians) . 

We  now  may  apply  the  reciprocity  theorem  to  determine  the  vertically  polarised  fields  produced  by  a  hori¬ 
zontal  electric  antenna.  First  of  all  vc  rewrite  (30)  specifically  for  the  vertical  field  of  a  hcl.,ht  hj 
and  a  range  d  vertical  electric  dipole  VED  of  moment  I(h])ch)  at  height  hpi 


ip  aiKh^dh!  y  1/2  -ixt. 

r - Sd —  (r )  4-7T7  WW* 


where  the  height-gain  functions  are  defined  by 

0g(h1)  -  w(t,  -  y1)/w(t#);  1-1,2  (63) 

end  where  y^  •  (2/ka)3^3kh< .  As  before  x  -  (ka/2)3^3  d/e  end  ts  ere  the  roots  of  w'(t8)  -  qv(t8)  *  0  where 
q  •  -l(ka/2)2/3A  where  A  Is  the  normalised  surface  impedance.  Using  the  basic  definition  for  the  "wave  tilt 
parameter"  giver,  by  (55)  it  la  evident  that  the  corresponding  expression  for  the  total  horizontal  field  Efi 
for  the  VBi)  is 

,VI<hl'dh1/g*\  l/^^s  „„  ^  ^  x_-lkd 

K0  - - 2xd  If)  Z-rt  _  ql  VvWV* 


It  is  useful  here  to  note  that 


v, "  A*,(ts  ‘  yM^*,  -  y>i 


",W  "  W 


where 


W*(c  -  y2>  w’(t  -  y  ) 

*.<V  "  ~^T~  -  -v!rr- 


(67) 


We  now  can  immediately  Invoke  the  reciprocity  theorem  to  write  down  the  expression  for  the  vertical  electric 
field  at  height  hx  of  a  horltontcl  electric  dipole  HED  of  movent  Id£x  at  height  hx  for  the  sane  great  circle 
range  d.  The  result  (after  interchanging  the  indices  1  and  2  in  (64)]  is  seen  to  be 


iMJJlOOd'i  /r.l/2  v-*  e-i*t8 

*,  •  -  -  m8-7-  r  ‘E  —7  W».<V“* 


-ikd 


(68) 


where 


Re<V  "  w'(t8  "  5'x)/w'(ts) 


(69) 


is  tne  height-gain  function  for  the  HED.  Here,  of  course,  ♦  io  the  azlimthal  angle  at  the  receiver  for  the 
source  HED  oriented  in  the  d  *>  0  direction.  In  addition  to  the  Er  field  and  the  Eg  and  derived  there¬ 

from  there  will  be  an  Hr  field  and  Hg  and  E^  derived  therefrom.  Here  we  will  only  be  concerned  with  the 
1M  (transverse  magnetic)  or  vertically  polarized  fields  that  are  fully  characterized  by  (62). 

We  now  consider  a  horizontal  antenna  at  height  hx  of  total  length  L  with  a  current  distribution  1(f).  Then, 
clearly,  the  moment  l(hx)d£x  in  (1)  13  to  be  replaced  by 


and  moved  inside  the 


rtn 

/l(Jt)elk«*  co**  dl 

-r/2 

tlon.  Here  ks  is  the  wave  number  v/a  for  the  aK>de  in  question;  that  is 
k#a  -  ka  +  (ka/2)1/3  tf 


<707 


In  an  analogy  to  the  case  of  the  vertical  nntennn  we  can  define  an  antenna  gain  function  i«  the  following 
fashion 

}/2  / 

F.  - /  C°S*  «  // X(i)di  W> 

-L/2  -L/2 


The  working  expression  for  the  vertical  electric  field  is  thus 

L/2 


where 


Er  ’  [-Iif/*(«^ 


W  -  (f 


-L/2 

.l/2_,e-ixtg 


2-t~ - *  C.(y>Fs*e(hx) 

a  ”*  Q 


(72) 


(73) 


where 


y(-  y2)  -  (2/ka)1'3  k(r  -  o) 


An  immediate  example  would  be  to  assume  a  single  'ravelling  wave  of  current  on  the  structure  i.e.,  1(f)  ■ 
I0exp(-rf)  for  -L/2  <  f  *  +  L/2.  Then  n 

(74) 


and 


/: 


l(f)dt  -  ~  sl,.h  jr 


-L/2 

-inh((r  -  ik^  cos$)(L/2>] 

(T  -  ik  .  cos^HL/2) 


(ri/2'  __ 
7inh(fi/i) 
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SCME  NUMERICAL  RESULTS  AND  FINAL  REMARKS 


The  preceding  formulation  has  been  used  to  obtain  extensive  numerical  results  for  various  hinds  of  apertute 
distributions.  We  give  a  few  examples  here  for  a  frequency  of  10  MHz  with  propagation  over  land  with  a 
conductivity  ae  »  10~^  mhos/m  and  a  relative  permittivity  ec/t0  *  C.  In  each  case  the  effective  ht5cht  of 
the  receiving  (vertical  whip)  antenna  is  zero  and  the  great  circle  range  is  denoted  d.  Normal  atmosph.  ><c 
refraction  is  accounted  for  by  using  an  effective  earth  radius  equal  to  four  thirds  times  che  actual  earti. ‘s 
radius. 


Tn  Fig.  2  the  attenuation  function  W  as  defined  by  (32),  is  plotted  as  a  function  of  the  renge  d  for 
the  Zenneck  wave  distribution  (Hill  and  Walt,  1978]  for  the  current  on  the  ground-based  vertical  antenna 
o:  height  hg.  In  the  present  case  this  means  thst  T(h)  »  10  exp(-oh)  where  a  *  0.07693  -  i  0.03946  m~*. 

The  values  of  h„  shown  range  from  0  to  200m  as  indicated.  The  cese  h^,  »  0,  of  course,  corresponds  to  the 
ground-based  vertical  electric  <>lpole.  These  results  show  that  the  Zenneck  wave  distribution  is  not  very 
good  for  launching  ground  waves  over  a  spherical  earth.  The  reduction  of  the  field  strength  with  increas¬ 
ing  hg  is  due  ro  phase  cancellation  of  the  contributions  in  the  various  current  elements.  This  effect  **ould 
not  take  place  for  the  planer  model  (e.g.,  as  in  Hill  and  Wait, 
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In  Fig.  3  results  ate  shown  for  the  corresponding  attenuation  function  W<j  when  we  have  simply  a  vertical 
electric  dipole  source  at  height  h.  Here  the  results  illustrate  the  expected  great  advantage  of  raising 
up  the  centroid  of  the  current  distribution  so  that  full  advantage  can  be  taken  of  the  height-gain  function. 


Finally  in  Fig.  4  we  show  the  attenuation  function  W  as  defined  by  (73)  for  excitation  by  a  horirontal  an¬ 
tenna  of  length  L.  The  effective  height  h|  of  this  structure  is  taken  to  be  zero  and  we  also  set  $  «  0 
corresponding  to  the  end-fire  direction.  The  lengths  L  vary  from  0  to  195a.  Here  the  current  distribution 
is  a  travelling  wave  with  a  propagation  constant  F  •  ik(l  -  &')*'2  -  0.0512  +  i  0.2076m”-  where  k  is  the 


free  space  wave  number.  Again  this  corresponds  to  a  Zenneck  wave,  a  plane  earth  with  the  same  electrical 
constants.  The  case  F  ■  ik  ■  0.20958m“l  of  course  corresponds  to  a  travelling  wave  on  the  antenna  structure 
with  an  assumed  free  space  propagation  constant.  In  the  latter  case  the  field  strength  at  the  receiver  is 
actually  higher  than  for  the  Zenneck  wave  distribution.  Again  this  is  not  too  surprising  because  the  pro¬ 
pagation  constant  of  the  dominant  creeping  waves  over  the  spherical  earth  are  nearer  ik  than  to  the  corres¬ 
ponding  wave  value. 


Tn  general  we  may  conclude  that  the  Zenneck  wave  illumination  is  a  poor  choice  for  enhancing  the  ground  wave 
field  strength  over  a  spherical  earth.- 
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DISCUSSION 


H.  Poeverlein,  Ge 

Do  you  still  think  that  an  aperture  of  infinite  height  would  allow  an  improvement  corresponding  to  the  Zenneck 
wave?  Is  it  the  limitation  to  a  realistic  height  extension  that  prevents  a  better  result? 

Author’s  Reply 

Even  an  infinite  aperture  could  not  excite  the  planar  earth  form  of  the  Zenneck  wave  on  a  spherical  earth  But,  of 
course,  such  an  aperture  would  excite  the  usual  creeping  wave  modes.  Thus,  1  do  not  think  the  height  limitation  of 
the  aperture  is  the  crucial  factor.  Rather,  one  should  minimize  the  phase  cancellation  of  the  fields  radiated  from  the 
individual  elements  in  the  aperture.  The  Zenneck  wave  distribution  is  particularly  bad  in  this  respect. 


EFFECTIVE  USE  OF  NATURAL  MODES  IN  VHP  AND  UHF  TUNNEL  PROPAGATION 
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SUMMARY 


An  experimental  study  of  the  electromagnetic  wave  propagation  i.i  various  tunnels,  at 
frequencies  between  1  MHz  and  1,000  MHz  is  presented. 

The  results  obtained  provide  a  bett it  understanding  of  natural  propagation  mechanisms 
in  underground  galleries  containing  no  transmission  line.  The  analysis  of  these  results 
reieals  the  existence  of  a  cutoff  frequency  and  a  strong  correlation  between  the  propa¬ 
gation  characteristics  and  the  transverse  dimensions  of  the  tunnel. 

Further  experiments  are  made  in  tunnels  where  a  transmission  line  is  used  as  a  waveguide; 
they  show  under  what  conditions  the  natural  modes  can  be  useful  in  this  case.  These  modes 
can  advantageously  replace  the  so-called  monofilar  mode  which  is  generally  used  for  coup¬ 
ling  between  the  transmission  line  and  the  mobile  transceivers.  Experimental  checking 
shows  that  when  using  a  veil  adapted  transmission  line,  exploitation  of  natural  propaga¬ 
tion  can  greatly  reduce  the  cost  of  the  line  installation  without  reducing  its  performances. 

1.  INTRODUCTION 

The  most  effective  way,  known  up  to  the  present, of  solving  the  problem  of  radio  propaga¬ 
tion  in  tunnels,  consists  in  using  transmission  lines  as  supports  for  propagation  of 
transverse  electromagnetic  modes  (Fontaine  et  al.,  1973,  Delogne,  1974;  (Tree  and  Giles, 
1975;  Delogne  and  Safak,  1975;  Deryck,  1975;  Martin,  1975;  Wait,  1975) .  The  two  modes 
mostly  used  are  the  so-called  coaxial  mode  and  the  monofilar  mode.  The  coaxial  mode 
ensures  the  energy  propagation  wh  >reas  the  monofilar  mode  makes  possible  the  coupling 
between  the  line  and  the  transceivers. 

However ,  even  when  containing  no  transmission  line,  the  tunnel  itself  acts  as  a  wave¬ 
guide  and  makes  the  propagation  of  natural  modes  possible.  These  modes  appear  when  fie- 
quency  is  high  enough,  higher  than  a  limit  value,  which  is  called  the  cutoff  frequency 
of  the  tunnel.  These  modes  are  generally  greatly  attenuated  so  that  they  could  only  be 
useful  to  ensure  communications  in  short  tunnels.  However,  for  distances  shorter  than 
200  m,  these  modes  can  be  more  suitable  than  the  transmission-line-supported  modes 
(Uamoso  and  De  Padova,  1976) . 

The  theory  of  natural  mode  propagation  in  tunnels  hjs  oeen  extensively  studied  (Comstock, 
1971;  Goddard,  1973;  Mahmoud  and  Wait,  1974;  Emslie  et  al . ,  i^lS;  Anderson  et  al . ,  1975). 
Whe.i  frequency  is  not  too  high,  the  tunnel  can  be  assimilated  to  a  metallic  waveguide 
with  imperfectly  conducting  walls.  The  various  theories  proposed  give  similar  results, 
except  in  the  cases  of  degenerated  modes  which  present  some  discrepancy  (Anderson  et  al, 
1975) .  At  higtvur  frequencies,  the  walls  of  tne  tunnel  can  be  assimilated  to  a  lossy  dielec¬ 
tric.  Theoretical  results  show  that  in  this  cane,  the  attenuation  falls  off  like  the  fre¬ 
quency  square  ittatmoud  anil  wait,  1974;  Qnslie  et  al,  1975) Viien  experi'r?ntal  checkings  are  nw.'.o,  they 
are  generally  limited  to  2  cr  3  freqjencies. 

One  of  the  objects  of  this  paper  is  to  present  experimental  measurements  of  natural  propa¬ 
gation  in  actual  tunnels  of  various  shapes  and  sizes  and  for  frequencies  lower  and  higher 
than  the  cutoff  frequency.  The  results  obtained  obviously  show  that  there  .are  three 
different  propagation  processes.  Moreover,  by  showing  the  predominant  influence  of  the 
transverse  size  of  the  gallery,  they  will  lead  to  a  better  estimation  of  the  value  of 
the  attenuation  of  natural  propagation  in  a  tunnel. 

Another  object  of  thin  paper,  is  to  show  under  whe _  conditions  the  natural  nodes  can 
advantageously  replace  the  monofilar  mode  when  a  transmission  line  is  used. 

Experiments  are  presented  which  make  conspicuous  that  using  natural  modes  instead  of  the 
monofilai  mode,  with  a  view  to  ensuring  the  coupling  between  the  line  and  the  transceivers 
can  often  increase  the  line  performances  and  reduce  the  cost  of  its  installation. 


2.  NATURAL  PROPAGATION  THEORY 

Assimilating  the  tunnel  to  a  hollow  conducting  waveguide  makes  possible  a  very  attractive 
explanation  of  the  various  propagation  mechanisms  which  occur  around  its  cutoff  frequency 
when  this  tunnel  contains  no  transmission  line. 

Such  a  guide  maxes  possible  propagation  of  transveise  electric  and  transverse  magnetic 
modes  when  the  frequency  is  higher  than  a  limiting  value  which  is  the  cutoff  frequency 
of  a  particilar  mode.  The  values  of  these  cutoff  frequencies  depend  on  the  given  mode, 
and  are  also  determined  by  the  shape  and  the  transverse  dimension  of  the  gailery.  The 
cutofr  wavelengths  are  given  for  a  rectanoula-'  waveguide  by  (Marcu.itz,  195i). 
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where  a  is  the  width  of  the  guide  and  b  its  height,  and  m,  n  are  equal  to  1,  2,  3,  ..., for 
the  TMpjn  modes,  and  equal  to  0,  l,  2,  3,  . ..,  for  the  TEmn  modes.  For  a  circular  waveguide, 
they  are  given  for  the  TMmn  modes  by  : 

1  =  — -  r  (2) 

xmn 

where  r  is  the  radius  of  the  waveguide  and  x-n  is  the  nth  nonvanishing  root  cf  the  nth 
order  Bessel  function.  For  the  TC^  modes,  tne  cutoff  wavelengths  are  given  by  : 


where  ’  is  the  nth  nonvanishing  root  of  the  first  derivative  of  the  mth  order  Bessel 
function. 

Below  the  lowest  cutoff  frequency,  propagation  is  not  possible.-  There,  the  field  decrease 
is  only  function  of  the  transverse  dimensions  of  the  tunnel.  The  attenuation  u  is  inden- 
pendent  of  the  electrical  properties  of  the  wall.  It  increases  towards  a  limiting  value 
with  decreasing  frequency  in  accordance  with  the  following  equation  (Terman,  1947;  : 
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where  lc  is  the  longest  cuto.'f  wavelength  of  the  waveguide. 

Above  its  cutoff  frequency,  attenuation  of  each  mode  depends  on  the  frequency,  shape, 
transverse  dimensions  and  electrical  properties  of  the  waveguide. 


For  rectangular  waveguides,  this  attenuation  calculated  by  a  classical  method,  is  given 
for  TMmn  modes  by  IMarcuvitz,  1951)  : 
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:  intrinsic  Impedance  of  the  propagation  medium  =  tu/t 
R  ;  10.83  .  10-3  /(107/o)  (1/1)  ohms 
o  :  conductivity  of  the  guide  va! Is  in  mho/ra 
p  :  permeability  of  the  propagation  medium  in  henry/m 
t  t  permittivity  of  the  propagation  medium  it:  fa-ad/m. 

For  TE^,,  modes,  this  attenuation  u  is  given  by  : 
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where  c  =  I  if  m  *  0  and  e  =  2  if  m  4  0. 
m  m 

For  circular  waveguides,  the  attenuation  a  for  the  TMnn  modes  is  given  by  (Marcuvitz, 
1951)  s 
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and  for  the  TE  _  modes  by 
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However,  the  walls  of  actual  tunnels  are  often  far  from  being  well -conducting.  As  a 
result,  there  are  two  limits  to  this  waveguide  model.  First,  below  the  cutoff  fre¬ 
quency  of  the  tunnel,  if  frequency  is  low  enough,  the  electromagnetic  wave  can  propagate 
through  the  rock,  in  the  same  manner  as  if  there  were  no  tunnel.  Attenuation  a  in  the 
tunnel  is  then  the  same  as  through  the  rock.  It  is  given  by  (Gabillard,  1970)  s 


a  »  8.69  »'(2*fuo/2)  dB/m  (9) 

where  f  is  the  frequency  in  hertz,  u  the  permeability  in  henry /m  and  a  the  conductivity 
of  the  rock  in  mho/m. 

When  frequency  is  low  enough,  attenuation  as  given  by  (9),  can  be  lower  than  atteruation 
resulting  from  (4) . 

Secondly,  at  frequencies  high  enough,  the  walls  of  the  tunnel  act  as  a  dielectric  medium 
rather  than  as  a  conducting  medium.  Then,  the  loss  is  essentially  due  to  the  fact  that 
any  part  of  the  wave  that  impinges  on  a  wall  of  the  tunnel  is  partially  refracted  into 
the  wall  and  partially  reflected  back  into  the  tunnel.  This  problem  has  been  studied 
theoretically  for  circular  and  rectangular  tunnels  (Glaser,  1969;  Mahmoud  and  Wait,  1974; 
Emslie  et  al.,  1979). 

On  condition  that  wavelength  is  short  as  compared  to  the  waveguide  transverse  dimensions 
and  that  we  have  : 

>:y  1  (10) 


The  attenuation  of  a  horizontally  polarized  wave  in  a 
(Emslie  et  al.,  1975)  : 
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rectangular  tunnel  is  given  by 

dB/m  (11) 


The  attenuation  of  the  vertically  polarized  wave  is  then 
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where  e  is  the  relative  permittivity  of  the  wall.  Let  us  notice  that  these  attenuations 
are  generally  increased,  as  a  result  of  wall  roughness  (Mahmoud  and  Wait,  1974;  Emslie 
et  al.,  1975). 


3.  EXPERIMENTAL  RESULTS  IN  ACTUAL  TUNNELS 

The  roost  difficult  problem  to  solve,  with  a  view  to  correlating  the  experimental  results 
with  the  theoretical  investigations,  are  that  TEM  modes  may  be  present  simultaneously 
with  waveguide  inodes,  and  also  that  there  is  generally  no  information  about  the  electrical 
characteristics  of  the  tunnel  walls.  TEM  modes  are  due  to  the  presence  in  most  galleries 
of  longitudinal  conductors  such  as  pipes,  railway  tracks,  trolley  wires,  etc... 

Moreovor,  the  rock  electrical  characteristics  which  are  found  in  various  tables  are 
useless  for  the  present  application.  These  characteristics  vary  generally  with  frequency 
(Frttsch,  1963).  As  an  example,  rock  conductivity  generally  increases  with  fre juency 
(Debye  effect)  and  with  the  voltage  applied  (Wien  effect) .  This  dependence  is  very 
complex,  both  Wien  effect  and  Debye  effect  depending  themselves  on  temperature  and 
pressure  (Onsayer  effect).  This  attenuation  dependence  on  frequency  is  more  complex 
than  it  appears  in  equations  (5)  to  (9). 

As  a  result,  it  is  not  expected  to  obtain  a  perfect  correlation  between  experiments  and 
theory.  However,  we  shall  sec  that  this  comparison  is  useful  as  it  makes  possible  a 
qualitative  explanation  of  the  various  propagation  mechanisms  observed. 

The  first  experiments  were  conducted  in  a  tunnel  without  any  conductor  except  the  rock 
and  includes  conductivity  measurements  of  its  wall  in  situ.  This  tunnel  Is  dug  in  cal¬ 
careous  tufa.  It  is  1,600  m  long,  5  to  6  ra  high,  and  4  to  5  m  wide.  The  rock  overburden 
is  about  50  m  thick.  The  value  of  its  conductivity  was  obtained  by  measuring  the  atten¬ 
uation  of  the  wave  propagating  through  the  rock,  and  found  equal  to  10"  *  mho7m  at  "*0  MHz . 

This  tunnel  is  located  in  Lanaye,  near  Li&ge  in  Belgium.  Its  shape  is  approximately 
similar  to  a  circular  cylinder. 

The  attenuation  of  electromagnetic  waves  was  h^asured  in  a  straight  section  of  this 
tunnel  for  various  frequencies  between  2  MHz  anu  1  GHz.  The  results  obtained  are 
represented  by  crosses  on  fig.  1.  Curve  1  of  this  diagram  repr.sents  the  theoretical 
attenuation  of  a  wave  propagating  through  a  medium  having  a  conductivity  of  10“*  mho/m 
((9)).  Cu-ve  2  shows  the  attenuation  of  a  hollow  circular  waveguide  below  its  cutoff  fre¬ 
quency  ((4)).  The  cutoff  frequency  was  35  MHz  corresponding  to  approximating  the  tunnel 
by  a  oscular  cylinder  with  a  radius--  of  2.5  m  with  propagation  in  the  TEjj  mode. 

Taking  account  of  the  conductivity  of  the  walls,  we  drew  curves  3,  4  and  5,  wnich  oiv*» 

the  theoretical  attenuation  of  TEn,  TEqi.  and  TMn  modes  for  sv..~h  a  guide  ((7);  and  ((8)). 


It  can  be  seen  in  fig.  1  that,  for  each  frequency,  experimental  results  are  in  agreement 
with  the  theroretic »1  curve  which  predicts  the  lowest  attenuation. 

Between  40  MHz  and  ibout  90  MHz,  the  TEu  mode  is  dominant,  the  attenuation  of  the  other 
modes  being  greater  by  at  least  100  dB/100  m. 

As  a  result,  the  field  decrease  is  uniform  in  the  gallery.  At  higher  frequencies,  the 
field  becomes  more  irregular  as  a  result  of  interference  phenomena  between  various  modes. 
Moreover,  at  uome  frequencies,  we  observe  two  gradients  in  the  field  decrease.  As  an 
example,  at  200  MHz,  fig.  2  shows  that  near  the  transmitter  attenuation  is  about  108 
dB/100  m,  but  at  a  greater  distance  from  the  transmitter,  an  attenuation  of  only 
28  dB/100  ra  is  observed.  These  values  agree  with  the  theoretical  attenuation  of  the 
TEgg  and  of  the  TEqi  modes  respectively. 

Experiments  were  also  performed  in  a  rectangular  road  tunnel  before  it  was  open  to  traffic. 
It  is  17  m  wide,  4.9  m  high  and  about  600  m  long.  Its  walls  are  made  of  concrete.  This 
tunnel  is  located  in  Brussels,  Belgium. 

In  this  tunnel,  the  attei  nation  of  electromagnetic  waves  was  measured  at  various  fre¬ 
quencies  for  vertically  and  horizontally  polarized  antennas.  The  results 
are  shown  in  fig.  3,  where  the  crosses  represent  horizontal  polarization  and  the  circles 
vertical  polarization.  Theoretical  attenuation  has  been  calculated  below  cutoff  fre¬ 
quency  using  (4),  and  above  cutoff  frequency  for  the  TEoi  and  TEio  modes  using  (6)  under 
the  assumption  that  the  conductivity  of  the  walls  was  0.1  mho/m,  which  is  a  probable 
value  for  concrete  .  It  is  obvious  that  a  vertical  antenna  excites  essentially  the  TEjq 
mode,  and  a  horizontal  antenna  the  TEoi  mode. 

Cutoff  frequencies  of  these  modes  are,  respectively,  8.8  MHz  and  30.6  MHz.  It  can  be  seen 
in  fig.  3  that  below  40  MHz,  polarization  has  practically  no  influence  on  propagation. 

In  fact,  the  only  mode  which  can  propagate  with  low  attenuation  at  these  frequencies  is 
the  TEgc  mode.  When  both  modes  can  propagate  with  low  attenuation,  differences  agpear 
in  attenuation  according  to  polarization.  These  differences  are  no  longer  observed  at 
the  highest  frequer.cies  as  a  result  of  the  high  attenuation  of  the  TEj0  mode. 

Comments  on  these  results  are  in  order. 

1)  Around  the  cutoff  frequency,  just  below  it,  relation  (4)  is  always  verified  with 
perfect  precision.  As  a  result,  propagation  is  never  possible  below  the  cutoff 
frequency,  except  if  wall  conductivity  is  low  enough,  so  that  propagation  through 
rock  is  possible. 

2)  Attenuation,  as  given  by  (11)  or  (12)  leads  to  a  value  much  lower  than  the  exnerimen- 
tal  results.  This  cannot  be  attributed  to  wall  roughness.  Indeed,  let  us  remember 
that  walls  are  made  of  concrete  and  so  are  very  smooth.  However,  let  us  note  that 
the  highest  frequency  considered  (1,000  MHz) 

o 

iTtr 

o 

is  equal  to  1.8,  a  value  which  is  surely  not  very  much  lower  than  er. 

3)  Equations  (5)  to  (8)  show  that  if  attenuation  increases  with  the  square  root  of 
resistivity,  it  is  raoru  strongly  dependent  on  the  transverse  dimensions  of  the 
tunnel.  Thus,  tne  feasibility  of  a  radio  link  In  a  tunnel  is  irore  dependent  on 
the  transverse  size  of  the  tunnel  than  on  its  wall  conductivity.  0/>e  can  see 

in  fig.  4  how  attenuation  increases  when  the  transverse  dimt-.s'ons  of  the  tunnel 
are  reduced  by  a  half,  and  when  conductivity  ■  s  reduced  by  a  half.  This  figure 
shows  clearly  that  the  influence  of  the  transverse  dimensions  on  attenuation  is 
dominant.  This  dependence  is  still  higher  when  relations  (11)  and  (12)  are  available. 
In  this  case,  attenuation  is  inversely  proportional  to  the  cube  of  the  transverse 
dimensions. 

Two  important  conclusions  can  be  drawn  from  these  experiments.  First,  propaoation  is 
rarely  possible  below  the  cutoff  frequency  of  the  tunnel.  Secondly,  attenuation  of 
natural  modes  will  be  low  in  wide-sized  tunnels. 

These  conclusions  can  be  verified  by  anv  car  driver  having  a  radio  receiver  on  board. 

They  can  easi-y  obseive  that  VHF  can  be  caught  in  wide  road  tunnels,  being  generally 
shorter  than  200  m,  uhila  LF  can  never  be  caught  in  tunnels  which  contain  nc  longitudi¬ 
nal  wire.  This  is  illustrated  by  fig.  5  and  6.  Fig.  5  represents  the  field  level  of 
a  radio  broadcasting  station  in  IF  (620  kHz)  ii.  outside  and  inside  the  tunnels  of  the 
ring  of  Brussels.  All  the  tunnels  are  similar,  except  in  length  to  the  road  tunnel 
studied  ..bove.  Their  length  varies  between  100  m  for  the  shortest  tunnels  and  300  m 
for  the  longest.  E”en  in  the  shortest  tunnels,  field  level  is  lower  than  noise  in  most 
part  of  the  runnel.  The  same  measurement  made  at  100  MHz,  is  presented  in  fig.  6.- 
The  results  obtained  show  that  field  level  is  higher  than  noise  level  eve-ywhere  in 
the  short  tunnels  and  in  most  parts  of  the  others. 
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4.  NATURAL  MODEL  AND  TRANSMISSION  LINES 

The  principle  of  transmission  lines,  used  as  supports  for  guided  propagation  in  tunnels 
consists  in  transmitting  the  electromagnetic  energy  by  using  the  coaxial  or  bifilar 
mode,  while  the  monofilar  or  natural  modes  ensure  the  coupling  between  the  line  and  the 
transceivers  in  the  gallery.  Monofilar  and  natural  modes  being  highly  attenuated, 
exchange;;  o£  energy  between  these  modes  and  the  coaxial  or  bifilar  mode  are  needed. 

These  exchanges  may  be  continuously  realized  when  using  a  leaxy  cable  (Martin,  1975)  , 
or  at  discrete  places  when  using  mode  converters,  radiating  devices  or  antennas  (Delogne, 
1974;  Deryck,  1975).-  In  the  latter  case,  the  coupling  loss  depends  also  on  the  monofilar 
mode  attenuation  between  two  mode  converters. 

Monofilar  mode  has  been  studied  extensively  (Gabillard,  1970;  Deryck,  1973,  1975) .  Its 
attenuation  increases  with  frequency  and  is  strongly  dependent  on  the  cable  position, 
as  it  is  shown  on  fig.  7.  In  practice,  the  transmission  line  must  generally  be  hung  in  a 
veiy  eccentric  position  which  increases  the  monofilar  mode  attenuation  and  the  coupling 
loss  between  this  mode  and  the  transceivers.  As  a  result,  when  using  monofilar  mode,  the 
cable  must  be  hung  carefully,  and  its  distance  from  the  wall  must  be  as  high  as  possible, 
and  surely  not  lower  than  5  cm. 

The  monofilar  mode  attenuation  is  an  increasing  function  of  freque  .cy,  while  the  natural 
mode  attenuation  can  decrease  with  increasing  frequency. 

Comparing  experimental  results  such  as  those  presented  in  fig.,  1  and  7,  it  is  easy  to 
determine,  for  a  given  position  of  the  line  in  che  tunnel,  the  frequency  beyond  which 
natural  modes  are  less  attenuated  than  the  monofilar  one.  As  an  example,  Jn  the  tunnel 
of  Lanaye,  when  the  distance  between  the  line  and  the  wall  cannot  be  higher  than  10  cm, 
natural  propagation  is  more  favourable  than  the  monofilar  one  at  fi aquencies  higher  than 
80  MHz.  Knowing  the  frequency  limit  where  natural  propagation  is  better  than  monofilar 
propagation  is  very  important.  Indeed,  in  some  cases,  it  determines  the  optimal  use  of 
the  transmission  line. 

Let  us  consider  the  line  constituted  by  a  non-leaky  coaxial  cable  used  together  with 
radiating  devices  inserted  at  discrete  places.  If  natural  modes  are  not  very  attenuated, 
hanging  such  a  line  carefully  becomes  useless,  except  around  the  radiating  devices. 

This  line  can  be  hung  against  the  wall  which  greatly  reduces  the  cost  of  its  installation.. 
Let  us  note  that  this  is  never  possible  with  leaky  cable  without  reducing  its  perform¬ 
ances.  Indeed,  hanging  a  leaky  cable  close  to  a  wall  increases  the  attenuation  of  the 
coaxial  or  bifilar  mode  (Deiyck,  1973;  Delogne,  19.’6),., 


5.  EXPERIMENTAL  CONTROL 

Various  experiments  can  be  carried  out  with  a  view  to  making  conspicuous  the  advantages 
of  using  natural  modes. 

In  the  tunnel  of  Lanaye,  we  measured  the  field  level  along  a  non-leaky  coaxial  cable  containing  a  short 
leaky  section  A  generator,  coupled  at  the  begining  of  the  line  excites  the  coaxial  mode,  -'ne  leaky 
section  excites  both  monofilar  and  natural  modes  in  the  gallery  (Delogne,  1976)  .  The 
cable  is  hung  against  the  wall.  Frequency  is  450  MHz.  The  field  level  beyond  the  leaky 
section  is  shown  on  fig.  8.  We  can  observe  that  the  attenuation  value  (i5  dB/100  m) 
is  similar  to  the  attenuation  of  natural  propagation  as  given  by  fig.  1. 

Other  experiments  were  made  in  a  rectangular  road  tunnel.  This  tunnel  is  5  m  high  and 
9  m  wide.  Its  walls  are  made  of  concrete.  We  measured  the  attenuation  of  natural  propa¬ 
gation  in  this  tunnel  when  it  contains  no  conductor  except  its  walls  at  70  MHz,  100  MHz 
and  150  MHz.  Then,  a  300-metre  non-leaky  coaxial  cable  was  hung  at  10  cm  from  the  roof 
and  at  1  m  from  the  side  wall;  a  radiating  device  (Delogne,  19"’4)  was  placed  in  the 
middle  of  this  cable,  with  a  view  to  exciting  both  monofilar  and  natural  modes  in  the 
tunnel,  when  the  coaxial  mode  is  excited  by  a  generator  coupled  to  this  line.  The  field 
level  was  measured  on  each  side  of  the  radiating  device  at  70  MHz,  100  MHz  and  150  MHz. 

As  an  example,  the  result  obtained  at  70  MHz  is  represented  on  fig.  9.  The  field 
attenuation  at  these  frequencies  was  similar  to  that  obtained  in  the  case  of  natural  propagation 
Analyzing  the  field  level  around  the  end  of  the  line  (noted  EL  on  fig.  9)  we  observe 
that  this  end  provokes  no  discontinuity  in  this  level.  This  clearly  indicates  that 
propagation  outside  the  cable  is  essentially  due  to  natural  modes. 

The  following  experiments  enable  us  to  find  the  frequency  beyond  which  natural  modes 
are  less  attenuated  than  the  monofilar  mode.  In  a  first  experiment,  the  field  level 
was  measured  in  the  axis  of  the  gallery,  at  70  m  from  the  ladiating  device  for  frequencies 
between  15  MHz  and  150  MHz,  the  whole  line  and  the  radiating  device  being  both  at  10  cm 
from  the  tunnel  roof.  In  a  second  experiment,  the  distance  between  che  line  and  the 
tunnel  roof  was  increased  up  to  1  m  near  the  receiving  antenna  (fig.  10  a),  with  a  view  to 
reducing  the  coupling  loss  between  the  monofilar  mode  and  this  antenna.  The  increase  in 
the  field  level,  compared  with  the  previous  measurement  is  plotted  on  fig.  H,  curve  a. 

The  results  obtained  clearly  show  that  the  coupling  loss  is  reduced  (G  >  0)  only  for 
frequencies  lover  than  60  MHz,  .lowinq  that  at  these  frequencies,  propagation  is  due 
to  the  monofilar  mode. 


In  a  third  expoi  intent-,  Uk>  wUde  1ii«j  ws  timig  at  H'  cm  ftotfl  the  toot,  tut  the  distance 
between  the  radiat  ittg  de  ’tee  and  the  touf  was  Iih'I<mi.<!i1  up  t  •>  1  m  iflg.-  1°  Id.  This 
lias  no  of  loot  on  the  monoflia,  mode  level,  but  it  has  «or»>  influence  on  the  field 
» .till a teil.  The  inoiouse  in  the  field  level,  compared  with  the  rtist  expei  tment  in 
plotted  on  fig,  11,  cuive  b.  The  lesu  t»  obtained  show  that  the  t.eld  level  in 
increased  for  f » equenc io*  highet  than  S>  MPa,-  which  Implies  that  propagat  ion  outside 
the  coaxial  cable  i»  then  d».=  to  i.  -luial  modes. 

An  impoitant  conclusion  from  these  titter  expel i  louts  1;*  that  in  this  read  tunnel,  rei 
frequencies  hi>,het  than  *>i'  MHf,  banging  t.ie  cable  against  the  vail  <>i  at  l,'  cm  r  i  om 
it,  has  no  influ  ace  on  the  pt  opagnt  ion  phenomena ,  Moreovet,  in-  teasing  the  distance 
between  the  tad  tail  no  device  and  the  wall  Impioves  the'  pet  lot  nances  *  he  trausnitssi  >n 
lino. 

A  furlbot  experiment  enables  us  to  vetnv  this  conclusion.  1  ton  the  indlailiio  device 
hanging  iron  the  toof ,  the  cable  was  laid  down  in  a  outlet.  The  field  level  in  I  lie 
tunnel  was  me.isuted  at  l‘>o  Mlir ,  The  insults  aie  iepieueiited  on  fi.«.  If  I'he.to 
results  are  rather  stmt  1  a i  to  those  obtained  when  the  cable  is  h-ino  at  lo  cm  fiom 
the  root  iftg.-  1  which  shews  mat  In  t<  Is  .case,  thetc  Is  no  need  to  hang  the 
Cubic  caieiully.- 


t>.  iVNat'Mi'N:; 

The  experimental  lesults  piesentod  aK'Ve  enable  ii'  to  .1 1 ».  t nguislt  tlneo  dlffeienl  lunges 
ot  frequency,  chat  act  erl  red  by  three  different  pi  opau.it  ion  mechanisms,;  Below  cutoff  fie- 
quettcy,  waves  propagate  t  lit  ouch  the  rock  tn  the  same  mannei  as  tf  them  weie  no  cavity- 
Attenuation  increases  with  the  squat e  n*g  ot  ftequency  and  in  a  . unc* ton  ot  the  'endue* 
tivity  ot  the  undergo  Hurl.  Close  by  cutoff,  just  below  it,  attenuation  I:-  <nl  \  .deieimlned 
by  frequency  and  by  the  shape  and  tiannveise  dt  mens  tort*  of  the  tunnel..- 

At  frequencies  above  cutoff,  at  a  given  !  tei.iioitey,  a? tenuat  Ion  depends  on  both 
conductivity  and  tianavoiao  dimensions  o'  tit-'  tunnel,  md  Is  sttonoH  cotie  tied 
with  the  i  heoiet  1-*.*  1  atteiniatton  ot  the  wave-. tilde  nodes.  Thou. tit,  it  1  -i  lalher  dltflcull 
to  determine  the  conductivity  of  the  tunnel  walls  with  a  good  pteotslon,  the  insults 
presented,  by  showing  the  piedomtnant  influence  of  the  tiaasveiso  Urn  of  the  .a..lleiv', 
can  help  tc  es. lmate  the  value  of  the  at tenuat ton  of  elect tomagret tc  waves 
propagating  m  a  tunnel. 

When  the  elect  romaqnet  l  o'  oaves  ate  guided  in  the  tunnel,  with  the  help'  of  a  non-leaky 
transmission  line,  used  tone  Hum  with  tadiating  device-,  the  existence  >'l  natnial 
rx'des  makes  the  pi -vaunt  ion  phenomena  independent  cl  us  position.  As  a  result,  wliet, 
natuial  modes  are  Has  attenuated  than  the-  lonof'lai  mode,  the  line  can  bp  hung 
against  the  wall,  except  the  radiating  device,  without  » educing  Ha  pet  foi  man.-es . 
Moreovet,  tn-’i easing  lit.-  vlistance  between  the  tadtattng  device  and  the  wall  can 
imptovo  the  performances  of  thin  system,- 
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Fig  i  Fxpcnmeniui  results  and  the  iretical  curses  ol  the  attenuation  tenuis  frequency  in  the  tunnel  ot  l  anaw 


Fig. 2  Field  decrease  in  the  tunnel  of  Lana*’e  when  at  leas;  two  modes  can  propagate.  Frequemv  is  200  MHj 
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DISCUSSION 


B.W.  Keinfadt.  US 

Arc  you  saying,  m  conclusion,  that  transmission  cables  arc  oi  no  real  impedance'* 

Author's  Reply 

1  sari  that  when  natural  inodes  are  present,  the  line  can  be  laid  on  the  ground  or  in  any  position  you  wish,  because 
it  hi1;,  no  influence  on  the  coupling  loss  between  the  transceivers  and  the  radiating  devices.  However,  the  transmission 
line  is  needed  to  ensure  the  propagation  of  the  coaxial  mode  between  the  radiating  devices. 


P.F.  Checcacvi  It 

In  1^40  the  Italian  State  Railway  made  propagation  experiments  in  a  IS  Km  double  track  tunnel  using  3  O.Hr 
signals.  The  results  were  positive,  although  high  attenuation  arose  when  another  train  was  in  the  tunnel 

Author's  Reply 

I  agree  with  these  observations  l  made  some  experiments  on  the  influence  of  vehicles  on  wave  propagation  m  road 
tunnels,  as  I  have  described.  The  results  from  these  experiments  indicate  that  cars  have  practically  no  influence  on 
the  field  level,  but  that  big  trucks  generally  provone  an  important  decrease  of  the  field  level  I  think  it  is  strongly 
dependent  on  the  ratio  between  the  vehicle  sire  and  the  tunnel  sire. 
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C CMP ARISON  OF  LOOP  AND  DIPOLE  ANTENNAS  IN 
LEAKY  FEEDER  COMMUNICATION  SYSTEMS 


David  A.  Hill  and  James  R.  Wait 
U.S.  Department  of  Comnerce 
Boulder,  Colorado  80303 

ABSTRACT 

The  mutual  impedance  between  electric  and/or  magnetic  dipoles  in  a  circular  tunnel  containing  a  leaky  co¬ 
axial  cable  is  derived  for  arbitrary  dipole  positions..  For  the  usual  case  of  large  dipole  separation, 
the  bifilar  node  approximation  is  used  to  compute  the  mutual  Impedance  and  associated  transmission  loss. 

For  typical  cable  parameters,  a  broad  minimum  in  transmission  loss  is  found  in  the  range  from  2  to  10  MHz. 

In  this  frequency  range,  the  transmission  loss  is  slightly  less  for  magnetic  dipoles  (loops)  than  for  elec¬ 
tric  dipoles.  While  the  analytical  model  is  a  cable  within  a  tunnel,  the  general  approach  and  many  of  the 
conclu--ons  would  apply  to  similar  above-ground  systems.  Thus  the  results  are  relevant  to  railway  and  road¬ 
way  communications  of  the  limited  access  type. 

1.  INTRODUC  ION 

The  leaky  feeder  technique  [Beal  et  *1.,  1973]  has  been  developed  for  communication  in  mine  tunnels  [Martin, 
1975].  The  leaky  transmission  line  is  usually  a  coaxial  cable  [Fontain  et  al.,  1973],  and  the  energy  is 
coupled  into  or  out  of  the  channel  by  antennas  in  the  vicinity  of  the  transmission  line.  Both  electric 
dipole  [Halr.ing,  1 974 ;  Harms  et  al.,  1974;  Okada  et  al.,  1975]  and  monopole  [Delogne,  1974,  Cree,  1973]  an¬ 
tennas  have  been  used.  Small  loops  or  coils  [Breltenbach,  1974;  Cribbens,  1974]  have  also  been  used  to 
couple  to  the  magnetic  field. 

In  a  previous  paper  [Kill  and  Wait,  1976],  we  calculated  the  mutual  impedance  and  transmission  loss  between 
a  pair  of  electric  dipole  antennas  located  in  a  circular  tunnel  which  contained  a  leaky  coaxial  cable.  The 
previous  formulation  utilized  a  reciprocity  derivation  [Mahmoud,  j.974;  Hill  and  Wait,  1974]  w*ich  was  useful 
only  when  the  transmitting  and  receiving  dipoles  were  widely  separated.  Here  we  employ  a  more  direct  deri¬ 
vation  which  allows  arbitrary  dipole  locations  and  includes  both  electric  and  magnetic  (small  loop)  dipole 
antennas.  In  addition  to  computing  the  transmission  loss,  we  utilize  the  computed  input  resistance  of  the 
dipoles  in  the  circular  tunnel  environment  [Hll’  and  Wait,  1978].  Thus  the  near  field  losses  due  to  the 
lossy  tunnel  walls  are  accounted  for.: 

!Hien  the  dipoles  are  widely  separated,  the  tota1  transmission  loss  reduces  to  the  sum  of  the  dipole-to- 
cable  coupling  losses  and  the  attenuation  of  the  dominant  mode.  Numerical  results  are  presented  in  order 
to  compare  the  relative  effectiveness  of  electric  and  magnetic  dipole  antennas. 

2.  DIPOLE  EXCITATION 

The  cross  section  of  the  circular  tunnel  is  shown  in  the  cylindrical  coordinate  system  (p,4,z)  in  Figure 
1.  The  ai:  -filled  tunnel  of  radiu»  a  has  free  soace  permittivity  C  and  permeability  p  .  The  surround¬ 
ing  rock  has  conductivity  a^,  permittivity  ee>  and  permeability  ue> 

The  coaxial  cable  of  radius  c  is  centered  at  (o  ,$  ),  and  it  is  assumed  that  c  is  small  compared  to 
both  the  free  space  wavelength  and  the  distance  o^  tfie  cable  from  the  tunnel  wall.  The  specific  leaky 
cable  of  interest  here  is  modeled  by:  a  center  conductor  of  radius  a  and  conductivity  0  ,  insulation 
of  outer  radius  b  and  permittivity  e,  a  thin  shield  of  radius  b  that  can  be  characterized  by  a  trans¬ 
fer  inductance  per  unit  length  Lj,  a  protective  jacket  of  outer  radius  *•  and  permittivity  e  ,  and  a  thin 
lossy  film  of  radius  c  that  can  be  characterized  by  a  conductivity-thickness  product  ad.  Actually,  the 
results  given  in  this  paper  apply  for  any  thin  axial  conductor  which  can  be  represented  by  a  series  imped¬ 
ance  per  unit  length  Z(X)  where  X  is  the  axial  wavenumber.  The  appropriate  expression  for  Z(X)  for  this 
coaxial  cable  model  has  been  derived  previously  for  use  in  the  solution  of  the  mode  equation  [Walt  and 
Hill,  1975]. 

The  x-directed  dipole  source  at  (pQ,$c,0)  can  be  either  electric  or  magnetic.  The  electric  dipole  source 

has  a  dipole  moment  If.Qe  where  I  is  the  current  at  the  feed  point  and  l  is  the  effective  length.  The 

usual  exp(iut)  time  dependence  is  suppressed.  The  magnetic  dipole  source  fils  a  magnetic  dipole  moment 

IA _  where  A _  is  the  effective  area. 

oe  oe 

The  expressions  for  the  fields  of  electric  and  magnetic  dlpole3  of  arbitrary  orientation  have  been  derived 
previously  [Kill  and  Wait,  1978].  Here  we  consider  only  transverse  orlertations  which  generally  are  more 
effective  in  coupling  to  the  leaky  cable.  In  addition,  x-directed  orientation  is  sufficient  to  cover  all 
transverse  cases  by  proper  selection  of  and  $c< 

The  total  fields  at  any  point  in  the  tunnel  can  be  derived  from  electric  and  magnetic  Hertz  potentials  Ur 
and  Vt  which  are  the  z-components  of  the  electric  and  magnetic  Hertz  vectors,  respectively  [Wait,  1959]. 
Furthermore,  we  can  write 


0  -  0  +  U  (1) 

t  c 

and 

V  •  V  +  V  (2) 

t  c 

U  and  V  are  the  Hertz  potentials  that  would  exist  in  an  empty  tunnel,  while  U  and  V  are  the  contribu¬ 
tions  (outside  the  cable)  due  to  the  axial  cable  current.  The  expressions  for  0'f  and  have  been  derived 
previously  [Hill  and  Wait,  1970],  and  the  derivation  will  not  be  repeated  here,  the  specific  expressions 
for  electric  and  magnetic  dlnnle  axa  1  .-J  a  -  — — — — — 
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The  component*  of  the  total  field  are  obtained  from  w't  and  V,  by  the  well  known  [Halt,  1959]  relation*: 

3 'IT  low  3V 

m  C  O  £  < 

V  5^57  -  ~p~5r  ’ 

l  3*°t  3vt 

*♦  "  p  Wi  +  i<4Jo  ?r  ’ 

E  m  ( - - V*  'tj  ,  1 

*  \  3*‘  /  t 

,,  .  ^c!^t  +  i\ 

p  p  3^  3p3z 


H4  "  “luto  3T 


p  303z  ' 


where  y1  "  — <jJsU  e  • 

O  0  0 


MUTUAL  IMPD/NCE 


He  consider  now  n 
dlcated  In  Figure 
vr  la 


sxall  receiving  dipole  of  arbitrary  transverse  orientation  located  at  (Pr,0r,»r)  as  In- 
1,  For  a  receiving  electric  dipole  of  effective  vector  length  t  ,  the  received  voltage 


v  -  -t  •  E 
r  re  t 


Et  "  +  *E* 


Thus  the  mutual  impedance  2  is 


Z.  ‘  V1  “  4re  *  V1  * 


For  a  receiving  magnetic  dipole  (loop  of  effective  area  *re) ,  the  received  Voltage  la 

Vr  "  ^oAre  8  *  K  ’ 

where  i 

“t  "  +  %  . 

and  n  is  s  unit  normal  to  the  loop  surface.  Thus  the  mutual  Impedance  Z  for  a  small  receiving  loop  Is 


v  /I  •  1 oil  K  n 
r'  re 


At  this  point,  there  is  no  restriction  on  the  dipc.lc  locations  (provided  they  are  Inside  the  tunnel  and  out¬ 
side  the  cable).  The  formulation  la  also  valid  for  mixed  dipole  types,  such  as  electric  source  dipole  and 
magnetic  receiving  dipole.  When  the  dipoles  art  located  close  together  (small  |z  |),  ..he  integral  forms  for 
the  fields  (aa  given  in  Appendices  A  and  3)  must  be  evaluated  numerically  in  order  to  compute  the  mi.tjai  im¬ 
pedances.  This  is  a  rather  tedious  task,  but  It  has  been  done  in  order  to  evaluate  the  change  in  the  self 
impedance  of  electric  and  magnetic  dipolea  due  to  the  tunnel  walls  snd  lasky  cab):.  [Hill  and  Wait,  1978]. 

4.  BIFILAR  MOOR  APPROXIMATION 

For  large  values  of  |*|,  the  dominant  contribution  ro  the  fields  is  from  the  mode  of  lowest  attenuation.  For 
moat  cases  of  interest,  this  is  the  "bifllar"  mode  which  carries  most  of  its  energy  between  the  center  con¬ 
ductor  snd  the  braid  but  also  has  leakage  fields  outside  the  cable.  Th»  propagation  constant  X,  of  this  mods 
satisfies  the  mode  equation  D(X.)  -  0  where  D(X)  is  given  by  (B-7).  Thin  mode  equation  has  beefl  aolved  nu¬ 
merically  [Halt  and  Hill,  1975]  and  analytically  for  the  quasi-static  case  [Seidel  snd  Halt,  1978a].  The 
propagation  constant  X.  Is  approximately  that  of  the  cable  Insulation,  i.e.  X.  *  w(p  e)  ' 

DO' 

The  approximate  expressions  for  the  Hertz  potentials  for  large  { m j  are  obtained  by  contour  Integration  of 
(8-1)  and  (B-2) ,  If  only  the  pole  contribution  from  the  hlfller  mode  (at  X  »  X. )  la  Included,  the  appre-.i- 
stte  expressions  for  U  and  V  are  found  to  be  1 
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KJ£ab)«p(-tXb|,|) 


Wo* 


and 


■idD(XT/dXj]^'  •  [Ko W~JmWx  i7v^I.WVc)ttF!'1,(Hc>l!  (U) 
K  (XJ^C-tX-Ui)  » 

vt * ~2itl ~iTO7dmrr~  i  w«)w,,.(v1«'t-taH)i  •  (u) 

A**A, 


where 


vb  ’  (Xb+Yo> 


1/2 


Our  previous  solution  of  th#  mode  equation,  P(X)  «  util lied  a  version  of  Newton's  method  [Hamming,  1973] 
which  yields  the  required  derivative  dD<>>/dX  with  no  additional  effort.  If  other  nodes  urc  needed,  they 
ran  be  handled  In  the  same  fashion.  Then  (13)  aad  (14)  would  be  a  modal  sum  over  X  where  X  are  the  solu¬ 
tions  of  D(X  )  *  0.  P  P 

P 

For  the  mine  communication  application,  the  bifllar  mode  approximation  is  sufficient.;  The  field  components 
at  large  j c f  are  approximately  given  by  substituting  (13)  end  (14)  into  (3)-(6).  The  approximate  expressions 
for  the  mutual  impedance  of  widely  spaced  dipoles  are,  in  turn,  given  by  substituting  the  retultant  field 
expressions  into  (10)  or  (12).  When  this  is  done,  the  resuit  in  (10)  agrees  with  the  previous  approximation 
for  the  mu.uci  imped#'. ce  of  eioc.ric  dioolea  as  obtained  bv  reciprocity  [Hili  and  Walt,  1976). 

S.  TRANSMISSION  U'ib 

If  *-ho  input  resist n-ce  of  Uio  transmitting  antenna  is  Rq,  then  the  input  power  is 

^“N’V2  • 

If  the  input  realstrnce  of  the  receiving  antenna  is  R  and  the  entenna  it  terminated  in  a  matched  load, 
then  the  received  power  P  is  r 

Pr  "  lIl*lzJ,/(SR>  •  (16) 

Thus  the  transmission  loss  l  (in  dR)  la 

l-10.oS)0(^)-10  1,ei0(^i)  U7> 

r  *  m‘ 

Since  the  transmitter  power  is  limited  in  nine  com. umicat ions ,  it  is  the  transmission  loss  which  is  of  most 
interest  to  the  systems  engineer.  The  expression  in  (17)  applies  to  both  electric  and  magnetic  dipoles  as 
either  transmitting  or  receiving  antennas. 

In  order  to  compare  the  relative  merits  of  dipole  and  loop  antennas,  a  computer  program  was  written  for  trans¬ 
mission  loer  between  either  a  pair  of  electric  dipoles  o»  between  a  pair  cf  magnetic  dipoles..  The  required 
mutual  impedances  were  computed  from  (10)  and  (12)  using  the  hifllar  mods  approximation  in  (13)  and  (14). 

For  che  input  resistances,  the  actual  computed  values  in  the  tunnel  environment  [Hill  and  Wait,  1978)  were 
used.  Thus  the  near  fiolj  loss  resistance  due  to  the  tunnel  walls  was  accounted  for. 

In  all  numerical  results,  the  following  parameters  wore  used.  For  the  tunnel,  a  •  2m,  o  •  10-^mho/m,  r  /r  » 
10,  and  u  /H^  *  1.  The  cable  was  located  at  P  /a^  •  0.9,  and  the  parameters  adopted  were?  a  -  1.5  ram,  he-  ?C 
ami,  c  •  10  ofe,  •  5.7  '  107mho/m,  e/fo  "  1.5,  and  ad  -  C.  Thu;  the  dielectric  iacket  and  the  lossy  thin 
lackec  have  been  ixiluded  since  tl  ey  hive  been  found  to  have  a  negligible  effect., 

Roth  i-lcetrto  dipoles  were  x-dlrocted  with  ♦  “0  for  •'axlmum  cable  coupling.  The  effective  dipole 

lengths,  I  and  I  tr J  ,  we»e  both  taken  to  bo  0.5m1:  Thts  could  correspond  to  a  physical  length  of  lm  with 
*he  usual  triangular  current  distv .butien  .'or  electrically  short  dipoles. 

Both  magnetic  dipoles  were  x-direcced  with  ♦  “90*  for  maximum  cable  coupling.  The  loop  areas,  A  and 

*.  ,  were  both  taken  to  be  ’m*.  ore  oe 

In  Figure  2,  the  transmission  loss  L  is  shown  for  two  dipole  locations,  p  /•  "  p  /c  "  0.5  and  p  ■  p  •  0. 

The  transmission  loss  for  the  dipoles  at  the  center  of  the  tunnel  (P0”i.’>  “°0)°ls  lXrger  simple  becSuse  the 
dipo’es  are  farther  from  the  cable..  The  curves  for  various  separat  l°asrt  ahw  the  effect  of  tl.e  attenuation 
of  the  bifllar  mode.  The  attenuation  even  2  km  is  seen  to  oe  quite  small  at  HHx  but  much  larger  at 
50  NHs.  Tne  curvea  for  *  •  0  are  *hot,u  merely  to  illustrate  the  two-"av  coupling  loss  to  and  from  the  cable. 
This  coupling  loas  is  fairly  small  because  vo  have  taken  a  rather  large  value  of  40  nH/m  for  the  surface 
tranafer  inductance  of  the  cable  hrald  [Fontaine  el  al,,  1973).  Also,  the  low  valce  of  e/c  »  1.5  yields 

a  fairly  high  velocity  for  the  bifilnr  mode  which  vorvex  to  decrease  the  coupling  loss.  In  adSltion,  the 
larger  coupling  losa  quoted  by  raanv  cr.bl*  manufacture! j  applies  to  antennas  located  20  feet  (=  4m)  from  the 
cable.  The  autenna-cahlo  separations  in  Figure  2  are  only  1.8m  and  O.Pra.  Thus  the  parameters  and  the  con¬ 
figuration  represented  in  Figure  2  represent  a  ve.v  favorable  situation.  Still  the  results  are  in  reasonable 
agreement  with  the  flee  space  coupling  loss  calculations  of  Rswat  and  Beal  [1974)  using  somewhat  different 
assumptions. 

In  Figure  3,  w«  show  the  corresponding  transmission  lota  for  a  pair  of  identical  magnetic'  dipoles  (loops). 

The  results  are  similar  to  thaac  of  the  alectric  dipole,  and  the  transmission  loss  la  slightly  lower  for  the 
low  frequencies. 
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An  seen  by  (17),  th«  transmission  loaa  fot  matched  load*  depends  only  on  tha  mutual  impedance  on)  the  input 
resistances.  Sine#  twitched  loading  is  difficult  for  electrically  imU  antennas,  the  mutual  impedances  ao.d 
input  resistance*  art  of  interest  in  their  owe  right.  !n  Figure  *,  the  input  resistance*  and  th.  magnitude 
of  the  mutual  impedanr e#  are  shown  for  ««  dipole  location,  Relov  sbeut  JO  HHr  the  Iona  roe. I*t*ooe  domin¬ 
ate*  the  tadlatloi  resistance  tor  both  electric  and  magnetic  .llpoies  lllttl  and  Walt,  197RI..  The  totult  t« 
that  t!a  electric  dipole  reaiat cnee  i«  nearly  independent  of  frequency  and  the  magnetic'  dipole  tcsteian.-e 
la  properMonal  to  the  equate  of  tbr  frequency.-  Ann t net  point  ta  that  both  th*  input  reaiatanoo  am!  the 
mutual  impedance  of  abort  electric  dipolea  are  pioport tonal  to  tho  length  equated.  Fot  email  loop*  (magne¬ 
tic'  dipoles),  both  the  input  roaiatancc  and  mutual  Impedance  ate  propottlon.it  to  the  loop  area  equated. 

Thus,  tor  the  adopted  model,  the  1 1  anaritaaion  loan  t»  independent  ot  dipole  length  or  loop  area  a*  indicated 
bv  (171.  Of  course,  this  aimplc  reanll  neglect*  any  dlttlcultie*  tn  antenna  matching  oi  any  wile  resistance 
of  the  antennas.- 


In  Figutea  5  and  6,  the  l  rannwise (on  1.  aaea  foe  elect!  to  and  magnetic'  dipoles  arc  shown  fot  smallet  values 
of  M.  A  value  of  l_  *  10  nH/n  ia  prob.'bly  more  teallstic  fot  most  cable  shields,  and  r  value  of  l„  *  nll.m 
represent*  a  very  low  leakage  cable  braid.-  A  decteaae  in  l..  causes  a  tatgc  I'.'teas*  in  coupling  loss  an 
seen  tn  Figure*  3  and  A  and  also  a  ueotea-e  in  attenuation  of  the  Mltlat  mode.  Since  the  coupling  loss 
dentnatea  the  attenuation  loss  for  meat  casts  of  lotetest,  a  la-ge  value  of  l  tvoiv  leaks  cable'  ts  most 
favorable.  Fft  very  l  a >  re  dipole  separation',  r(  ,  tht;.  one  I  it  <  ton  would  no  longer  bold.. 

5.  CCNl'LbDlNT  RtHARRS 


The  mutual  impedance  between  electric  and/or  magnetic  dipoles  has  h-'en  det  ived  fot  atbltta:,-  dipole  posit  Ions 
and  or, notation*.-  For  the  usual  case  of  latge  dipole  reputation,  the  single  elf  Oat  rode  appiovlmat  ton  1« 
adequate.  Numerical  results  for  transmission  loss  tndlcato  that  s  cable  with  a  latge  transfer  inductance 
ant  a  low  dielectric-  constant  ts  most  favorable.-  The  >  at  gt  leakage  fields  ot  such  a  .cable  results  In  a 
•  lightly  higher  attenuation  rate,  but  this  is  more  than  offset  bv  a  large  reduction  it.  coupling  lo»- . 

For  typical  parameters,  a  broad  minimo.m  in  rranamtaston  loss  is  observed  a.mewhete  betwean  »  and  Id  NM. 

Thla  la  In  agreeme  it  with  F  Hitatn  et  al.-  [1971]  who  find  7  Mils  to  be  an  opt  Imom  frequency.-  In  this  tteqoeucv 
tange,  the  transmission  toss  is  somewhat  loader  fot  maguctl.  dipolea  than  fot  elecittc  dipoles,-  Tht*  differ 
ence  resutts  ptimarilv  from  the  lowvr  loss  resistance  (due  to  the  tunnel  walls'  ot  ttre  smgnet  tc  dipole.  A* 
higher  frequencies  where  the  loss  resistance  t*  less  imt'ort ant,  this  advantage  utsappeats.. 

The  analysis  given  here  assumes  a  t.nifotm  tunnel  and  cable  with  no  mode  convetsioo.  A  icmatning  extension 
wou’d  be  to  tt.clude  the  effects  of  mode  t envoys  ton  between  the  monefi.at  hi  f  Hat  modes.  Such  im'de  couvet 
slon  can  tie  either  intentions!  due  to  cable  design  (Pet.ck,  l"'',  S<  tde’,  and  Watt,  lsfAhl  ot  inadvet  t  ant 
due  te  nonun  if  otstil  tea  in  the  t  mnol  walls  (Seidel  and  Watt,  lo/j>,*!.  llowovot .  tt  ts  douhttul  tt  tlti«*  mete 
.omp’ tested  analysis  would  modify  out  general  conclusions  otr  the  telattve  moitt*  of  loop  amt  dtpo',  mteuna* 
in  mine  c onwun  1  c a 1 1 on s 
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APPENDIX  A  -  tNPTY  TOWEL  FIEtJ)S 

The  empty  tunnel  fields  are  obtained  from  the  Herts  potentials  U  and  V  vh*ch  are  given  by  (Hill  and  Walt, 
1978] 

U  -  rfA^DK^vp)  +  V') Im(vp)1  ,  (A-l) 

V  -  r[BM(X)Kta(vp)  +  QB<*>Vvp))  ,  CA-?) 

where 


rt  )  “  /  1  (  Jcxp[-imO-$o,')exp(- iXi)dX 

.1/2 


v  -  (X*+Y*)1/2 
o 


vo  -  iw(W 


(A-3) 


and  t  and  are  modelled  Bessel  functions.  The  integratic.i  contour  is  taken  along  the  real  axis  in  the 
complex  X  plane,  and  the  summation  is  taken  over  all  integer  values  of  m  from  -<*  to  ♦«*. 


The  terms  involving  K  rep.esent  the  primary  field  (for  n  <p«.a  ).  For  the  electric  dipole  source,  A  and 


B  are  given  by 

HI 


(i>t«p(1V,,+:(''VtwpH*o)I,.i(vpo>’  • 

o 


(A-4) 


Bb(X)  -  <7v-'rexp(-i*o)ln_x(vPo)  -  «P(^)U1(V',)3  • 


(A-5) 


For  the  magnetic  dipole  source,  A  and  fi  ore  given  bv 

Ifl  |U 


A  fX) 

Dl 


1(41  lA  . 

(- -)lexp(-iVo)lm  l(vpcl  -  «PdWl(v(,o^ 


(A-h) 


Bb(X)  -  4 

AT! 


(A-7) 


Tf,  -  [iY;/(u<4Je)jK;(uao)/Ktn(uao)  ,  r»  -  iwu^o,,  +  iwcc>  . 


and 


4’-6 


u  -  (»*  +  V*)l/Z 

*  » 

In  (A-3)  and  (A-9),  the  following  notation*!  simplicity  has  b»*n  used:  I  *  I  <va  >.  *:  -  »:<vo. 

*»,(v»o>*  *ni  K  *  0  " 


APPENDIX  8  -  CABLE  FIELDS 

The  field*  due  to  the  axial  cable  current  are  obtained  from  the  Hort*  potential*  U  and  V  which  nro  given 
bv  [llltl  and  Halt.  1978).  c  f 


X  (>•«  ) 

W  0 


where 


uc  *  /  *'c(*)tK0(vPd)  -  l  \M  l|#(vP/l11(vpc)expt-lm(^( )  )]exp(-l.\*)<U 

“w  mw*-«  w  i* 

(V  «* 

V  -  /  F  (X)  y  I  (vp  ).\  (\)1  (vp)expl-lmi$-v  )lcx»(-l\t)dA  , 
c  *  c  *•..  tn  c  to  m  c 

\n 


Pd  *  [Pf  +  p’  -  7PPC  cos($-*c)) 

To  satisfy  the  boundary  conditions  at  the  tunnel  walls,  R  ('1  and  A  (\1  are  given  by 

TO  10  p  7 

r  <*•'  *•-«>  ! 


-R  <\5 


f  (va  y  r*(T>' 

t»  o  tt 


B  -0 
a 


and 


Q  (» 

A  (X)  - 
»  «  (1) 


B  «0 


where  Pm(\)  and  Q^fA)  are  given  bv  (A-!')  and  (A-91 
The  factor  F^fXl  is  given  hy 

re(»,  -  F^Xl/lHX), 


vi»-n 


tB-25 


(B-H 


(B-4> 


(B-M 


*hore 


E,CX)  *  1;^(X)  -  v’  l  «*.<*) I|B<vpc)cxpl-i»(^c-40)  1 


tB-b) 


n(X) 


K  (va  ) 
tn  o 


-  2nl^c7.(X)  +v»rKo(vc)  -  l  yX>  )]  . 


(«  ') 


The  modal  equation  to  determine  the  discrete  propagation  modes  in  the  tunnel  (Walt  and  Hill,  1975)  la  aimplv 
D(X)  -  C. 

The  quantity  E^(X)  Is  actu  th"  Fouriev  ttansform  of  the  axial  electric  field  due  to  the  direct  or  primary 
Influence  of  the  source  dip  ,  evaluated  at  the  cable.  For  an  x-dlre-ted  electric  dipole,  K^(X)  la  glveo.  bv 


11  p  cos$  -  p  cos!1 

E<V  .  ~-S£-  {Xv)  -c - Kl(vp  >  . 

*  4"Vo  Pc  1  C 

'  n 

Finally,  for  an  x-dlrc.'t«d  magnetic  dipole,  l.^(X)  is  given  bv 

„  lull  IA,  p  sln$  -  p  sin}> 

*p,..  o  oe  vc  e  *r  *o  ,  A  . 

Kr(V) -  v - - - K.(vp  )  . 

*  Ait*  P  1  C 


tB-Sl 


(B-<n 


CABLE  y 


f-tg  i 


Transmitting  and  receiving  dipoles  (electric  or  magnetic)  us  a  circular  'unr.el  -\lnch  contains  a  !eak\ 


coaxial 


cab' 


Fig.2  Transmission  loss  between  a  pair  of  identical  electric  dipoles  for  various  dipole  locations  and  axial  separations 
The  curves  for  ?t  =  0  represent  the  two-way  coupling  loss  in  and  out  of  the  cable  A  high  value  of  40  nH/m  is  used 

for  the  surface  transfer  inductance  of  the  cable  braid 


FREQUENCY  (MHz) 

I  if.!  I  lansnusston  hiss  between  .1  pan  ol  identical  magnetic  dipoles  (loops)  tor  'arums  dipole  locations  ar.d  axial 
separations.  V  high  sable  ot  40  nil  m  is  used  tor  ’he  surface  transtci  inductance  ot  the  cable  brant 


I  ?  5  10  20  50 

FREQUCNCY  (MH*) 


liga  Mutual  impedance.  ,  ami  input  resistance,  R0  -  R_ .  tor  electric  dipoles  (II)'  and  magnetic  dipoles  tM.l>  1 

Aaam.  I  r  1  40  nil  m 
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ABSTRACT 

Using  an  idealized  theoretical  model,  we  deal  with  the  inadvertent  mode  conversion  between  the  bifilar  and 
raonofilar  modes  ir,  a  tunnel  that  contains  a  braided  coaxial  cable.  The  tunnel  is  allowed  to  have  various 
kinds  of  lateral  non-uniformities  such  as  changes  of  wall  conductivity  ana  prrmi ttivi cv .  We  conclude  that 
such  effects  are  \ery  important  in  understanding  leaky  feeder  systems. 

1.  INTRODUCTION 

The  leaky  feeder  concept  has  been  utilized  effectively  in  intra-mine  communications  [Delogr.e  1976,  Mahmoul 
and  Wait,  19761. ,  Previously,  it  jjs  found  that  such  a  system  using  a  braided  coaxial  cable  will  propagate 
two  low  f.equency  transmission  line  model  [Hill  and  Wait,  19791.;  One  of  these  eigen  modes  (i.e.,  tl.e  nv'o- 
fllar  modi)  is  readilv  excited  from  an  arbitrary  point  within  the  tunnel  but  suffers  high  attenuation  be¬ 
cause  the  return  current  flows  mainly  in  the  tunrn.  1  wall.-  The  other  eigen  mode  (i.e.,  the  bifilar  moue) 
has  low  attenuation  because  the  return  current  flows  mostly  in  the  sheath;  but  it  is  poorly  excited  for  an 
external  source  in  the  tunnul.  Thus,  for  an  efficient  limited  access  communication  system,  it  is  desirable 
to  convert  energv  from  one  mode  to  the  other.  Such  mode  conversion  can  be  obtained  through  intentional  in¬ 
sertion  of  axial  non-uniformities  in  the  coaxial  line  or  within  the  turn-el  environment.  Alternately,  such 
conversion  may  occur  inadvert  ntlv  due  to  existing  nonuniformities  along  chp  tunnel’s  length  In  an  earlier 
paper  [Seide1  and  Wait,  Sept.  1978),  transmission  line  techniqi es  were  used  to  develop  a  theory  of  controlled 
mode  conversion  for  a  braided  coaxial  cable  in  a  semi-circular  tunnel.  Specifically,  we  had  considered  a 
cable  that  contains  a  short  section  of  higher  leakage  corresponding  to  the  "leaky  stub”  converter  suggested 
by  Delogne  [Delogne,  Sepc.  1978].  Such  results,  are  relevant  to  mine  communication  systems,  using  the  con¬ 
tinuous  leaky  feeder  concept  [Martin,  1971],  which  rely  mainly  upon  such  inadvertent  mode  conversion  ror 
their  operation.  However,  this  point  of  viev  has  not  been  universally  adoptee  by  the  leaky-feeder  community. 

2. -  FORMULATION 


£ 


The  model  assumed  is  described  in  terms  of  a  cylindrical  coordinate  system  (p,$,z)  and  is  shown  in  Fig.  1. 
The  tunnel  wall  is  located  at  p  *  aQ  for  0  <  <  it,  and  the  assumed  perfectly  conducting  tunnel  floor  is 

located  at  t  ■  0  and  $  «  it  for  0  <  p  <  Tm.  region  defined  by  p  >  aQ  snu  0  <  #  <  it  Is  a  homogeneous  me¬ 
dium  with  conductivity  o  and  permittivity  e  .  The  coaxial  cable  with  outside  radius  c  is  centered  at 
p  »  p  and  $  -  $  .  The  region  defined  by  p  5  j  ,  0<$<tt  and  p'  >  c,  where  p'  is  the  radial  component  of 
a  cyl?ndrical  coordinate  system  (p',$',z)  centered  at  (d  ,$>  ),  is  described  by  the  free  space  permittivity 
and  permeability  e  and  u  ,  respective!'' .•  The  geometry  of  ?he  coaxial  cable  is  shown  in  pig.  2.  The  inner 
conductor,  of  radius  a,  Ras  a  high  but  linite  conductivity  0  .  The  surrou-ding  ins..in  lon  of  radius  b  is 
a  lossless  dielectric  with  permittivity  e.  Tne  braided  shea?h  located  at  p’  •  b  is  characterizes  by  a  sur¬ 
face  transfer  impedance  4j,.  The  outer  dielectric  coating  has  radius  c  and  permittivity  Cc>.  We  also  allow 
for  the  possibility  that  a  thin  lossy  film  is  located  at  p’  *  c  which  is  characterized  by  a  transfer  imped¬ 
ance  «  (2rrc(Cd))"^  where  d  is  the  conductivity-thickness  product  of  the  lossy  layer.  Ue  assume  that 
the  fields  of  each  mode  of  thts  structure  vary  as  exp(-rz-t-i«t)  where  u>  is  the  angular  frequency  and  "  is  the 
complex  propagation  consUnt  foe  the  particular  mode. 


In  a  previous  paper  [Seidel  and  Wait,  July  1978],  we  obtained  n  quasistatic  mode  equation  for  the  low  fre¬ 
quency  quasi-TUi  modes  for  this  structure.  There  it  was  found  that,  in  general,  there  are  three  distinct 
modes  of  this  type.  The  corresponding  propagation  constants  P,  were  found  to  be  the  roots  of  a  cubic  equa¬ 
tion  with  complex  coefficients.  In  the  special  case  where  the^lossy  film  layer  is  absent,  there  are  .tily 
two  nodes,  whose  propagation  constants  are  obtained  from  a  quadratic  equation.  In  each  case,  two  modes  ran 
be  identified  as  the  well-known  monofilar  and  bifilar  modes.  The  third  mode,  when  it  exists,  is  referred  to 
as  the  jacket  mode  [Seidel  and  Wait,  July  1978]- 


Because  the  dominant  lew  frequency  modes  of  this  system  behave  like  TEM  transmission-line  modes,  we  car  use 
transmission-line  concepts  to  consider  the  effects  of  axial  discontinuities  along  the  extent  of  the  tunnel 
[Seidel  and  Wait,  Sep...  1978].  This  is  accomplished  by  defining  characteristic  impedances  which  relate  the 
currents  and  voltages  on  the  various  conductors  present.  These  voltages  and  currents  are  tnen  expressed 
in  terms  of  incident,  reflected,  and  transmitted  waves  on  each  side  of  any  discontinuity,  and  associated 
coefficients  of  reflection  and  transmission  between  the  various  modes  are  obtained  by  enforcing  Kirchoffs 
voltage  and  current  laws  at  the  discontinuity.  It  goes  without  saying  that  this  quasi-static  approach  is 
valid  only  in  an  approximate  sense  since  higher-ordnr  evenescent  modes  are  neglected. 

A  solution  for  the  reflection  ana  transmission  matrices  R  and  T  was  obtained  earlier  [Seidel  and  Wait,  Sept. 
1978]  for  the  case  of  a  tunnel  containing  a  section  of  length  C  over  which  some  physical  characteristic  of 
the  tunnel  was  different  from  that  in  the  remainder  of  the  tunnel.  Although  the  method  was  applied  there 
only  to  one  type  of  intentional  converter,  it  is  also  suited  to  the  consideration  of  m->ny  types  of  inadver¬ 
tent  mode  conversions,  such  as  uniform  discontinuities  of  wall  permittivity  of  conductivity.  However,  be¬ 
fore  pursuing  these  extensions,  it  is  worthwhile  to  somewhat  extend  the  previous  quasi-static  analysis 
[Seidel  and  Wait,  Sept.,  1978). 

it  is  tell  known  [Collin,  19601  l>v  tjie  reciprocity  theorem,  that  for  reciprocal.  Isotropic  media,  the  re¬ 
flection  and  transmission  matrices  R  and  T  defined  in  [Seidel  and  Walt.  1978)  will  be  symmetric  if  the 
modes  are  normalized  such  that  the  power  flow  In  the  various  modes  are  equal.  However,  in  [Seidel  and  Wait, 
Sept.,  1978],  the  modes  vete  normalized  by  the  rather  arbitrary  convention  that  the  current  on  the  coaxial 
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we  will  denote  the  non-symmetrlc  reflection  end  tra  mission  matrices  associated  with  this  normalization 
by  R'  and  T' . 

Now  wa  define  a  new  3u.de  normalization  by  the  convention  that  I^'  -  a  where  1^  ib  the  coaxial  biaid  cur¬ 
rent  in  the  jth  mode  at.d  f aj }  by  demanding  chat  thi  matrices  R  and  T  associated  with  thic  normalizaticn  be 
symmetric.  Since  [Seidel  and  Wait,  Sept.,  1978]  provides  a  solution  for  R'  and  T  ,  we  sim-'ly  need  to  relate 
R,  T,  and  {a^}  to  these  quantifies. 

It  is  easy  to  show  that  R  and  T  are  related  to  R1  and  1’  by 


Rij  ”  (aj/ai>Rij 


(1) 


and 


Tij  =  ^aj/ai)Ti] 


Since  we  demand  R^  "  R.^  and  *■  1^,  (1)  implies  that 


and  thus 


(aj/ai>  ■  <Rji/Rij>1/2  *  CTji/Tij>1/2 


Rij  ’  (RijRji)1/2 


.  %1/? 


(T*  T’  ) 

'  if  *r 


ij  '  ij  2 


(2) 


(3) 


From  (2)  we  see  t  tat  only  the  relative  amplitudes  of  the  eigencurrer.ts  need  be  restricted  and  hence  we 
arbitrarily  set  »  1.  Thus,  for  a  structure  propagating  N  modes,  (2)  gives  us  N(N-l)  equations  for  the 
N  -  1  unknowns  {a^},  J  »  2.....N.  Obviourly,  this  system  of  equations  ic  rverdetermined  for  ft  >  1.  If,  in 
fact,  the  system  Has  a  solution,  it  is  an  indication  that  the  modelling  procass  has  preserved  reciprocity.- 


3  SOME  NUMERICAL  RESULTS 


In  what  follows,  we  will  adopt  the  convention  that  modes  1,  2,  and  3  are  the  monofiiar,  bifilar,  and  jacket 
modes,  respectively.  For  regions  of  the  tunnel  where  z  <  0  (Region  1)  or  z  >  l  (Region  3),  the  parameters 
describing  the  physical  properties  of  the  tunnel  are  the  same,  and  unless  specifically  indicated  otherwise, 
will  have  the  following  typical  values:  a  «  2m,  p  »  1.8ra,  $  »  45°,  C  *  lOe  ,  J  *  10-2mbys/m,  a  * 

1.5mn,  b  *  1.0cm,  c  “  1.15cm,  C  «  2.5co,  E°  «  3,0to?  Ow  *  5.7  ?  10  mhos/m,  “  S5°,Cod  *  0,  and  f  *  ui/2”  « 

36MHz.:  The  coaxial  braid  is  fairly  leaky, '"with  a  surface  transfer  inductance  L^  *  40  nH/m. 

In  the  region  described  by  0  <  t  <  i  (Region  2),  we  will  let  one  of  the  parameters  assume  a  different  value 
chan  in  the  remainder  of  the  tunnel;  all  other  parameters  are  equal  to  chose  given  above.  Data  will  be 
given  fer  the  monofiiar,  bifilai,  and  conversion  reflection  coefficients  (Rj. ,  R^)  and  similarly  for 

the  monofiiar,  bifilar,  and  conversion  transmission  coefficients  (T.^,  T^,  Tj^)  •  The  situation  is  depicted 
in  Fig.  ,  Data  are  given  in  dB,  that  is 

Xij(in  db)  >=  20  log^lX^i 

where  X^denotes  any  one  of  the  various  reflection  or  transmission  coefficients. 

First  we  consider  the  effect  of  a  change  in  the  tunnel  wall's  conductivity  in  region  2.  Figure  4  plots 
X  as  a  function  of  7  for  va. lous  values  of  £.  It  is  seat.  that  the  reflection  coefficients  and  the  con¬ 
version  transmission  coefficient  vary  in  the  same  manner,  exhibiting  maximum  conversion  and  reflection  when 
the  conductivity  is  higher  in  region  2.  When  o  is  lover  in  region  2,  these  coefficients  level  off,  and 
arc  relatively  insensitive  to  further  downward  changes  in  a£.  Of  course,  at  ag  *  10-^mhos/m,  the  regions 
are  the  same  and  we  expect  R..,  R0-.  R,.,  and  T  to  vanish.  It  is  also  interesting  to  note  that  (in 

ab)  =  a.j£.  where  dj  »  8.686  ReaHTj}  is  the  attenuation  rate  of  the  jth  mode  in  region  2  (in  dB/i./.  This 
means  that,  essentially,  all  energy  in  each  moie  is  transmitted  with  only  small  reflection  and  conversion, 
and  transmission  loss  is  due,  primarily,  to  the  modal  attenuation  rate  in  region  2. 

Figure  5  shows  a  si  lav  relation  of  these  coefficients  to  a  change  in  tunnel  wall  permittivity  (e  ) .  How¬ 
ever,  not  unexpectedly,  the  maxirjs  conversion  and  reflection  occurs  when  i  is  smaller  in  region  5  than  in 
regions  1  and  3.  Correspondingly,  conversion  and  reflection  are  relatively  insensitive  to  upward  changes 
in  region  2  permittivity. 

Another  interesting  source  of  inadvertent  mode  conversion  is  due  to  variations  in  the  lossy  film  on  the 
cable's  outer  surface.  To  consider  this,  we  novelet  ad  ”  10~~mhos  in  both  regions  1  and  3.-  Figure  6  snows 
the  effect  of  varying  ad  in  rt/ior.  2  upon  R  and  T.  We  find  that  when  od  is  lower  in  region  2,  titer?  is 
little  mode  conversion  or  reflection,  and  the  coefficients  F,-,  RJ2.  an<*  *12  are  re3at^ve^F  insensitive 

to  downward  changes  in  ed  in  region  2.  Conversely,  when  ad  in  region  2  is  increased  above  that  in  regions 
1  and  3,  we  see  an  immediate  increase  in  reflection  and  conversion.  Again,  as  in  previous  examples, 
and  are  essentially  dependent  upon  the  attenuation  rates  of  the  respective  modes  in  region  2. 

Although  variations  in  ad  along  an  actual  mine  tunnel  are  an  unavoidable  source  of  mode  conversion,  the  be¬ 
havior  of  Tj.  and  R. „  suggest  the  interesting  idea  of  intentionally  coating  periodically  spaced  segments 
of  cable  with  a  conductive  material  to  be  used  as  mode  converters.  Indeed,  we  see  that  if  d  »  10'^mhcs 
for  the  unperturbed  system  and  5  to  10m  lengths  of  cable  are  coated  to  Increase  this  to  1  mho,  we  obtain 


a  converslcn  transmission  coefficient  of  about  3C  dB.  From  fScidd  and  Wait,  Sept.  19781.  we  found  that 

[°LVyPlCa‘  aKy;StUb  (I'e”  leaky  sertlon>  inverter  (Uj.  -  40  nH/m),  T,_  was  about  20  to  25  dB,  lnt»n- 
nal  converters  of  this  type  would  be  easy  and  inexpensiile,  and  might  be1!  quick  and  simple  fix  for  areas 
of  poor  reception  In  existing  continuous  access  leaky  feeder  systems. 


In  Fig.  7.  we  consider  the  effect  chat  different  cable  Insulation  dielectrics  have  upon  mode  conversion 

cifically,  consider  <7  -  10-<*mho3/m  in  region  2  ('■  -  10"2mhos/ra  in  regions  1 

for  va  na  n  i _ i  “  ,  > 


for 


r  given  discontinuity.  Soeci 

throuLfu?  R  ’"c  T  f°Varlou-  Pe'  m-Ctivites  of  the  cable  insula t i one (e ) .  Note  that  c  is  the  same 

version  1  1  ,  ’r°;'  re&lons-  ,F°>'  thi8  particular  wall  conductivity  discontinuity,  we  see  that  mode  con- 

whin  V  I“5fo’  lndicfi,:ln«  a  fairly  al8h  velocity  cable.  This  maximum  seems  to  occur 

when  tne  phase  "eloclties  of  the  twS  moles  (monofilar  and  bifilar)  are  equal. 

Thus  far,  our  technique  has  been  applied  only  to  changes  in  material  parameters  of  the  system.  But  it  can 
also  be  applied  to  changes  in  tunnel  geom-try.  Obviously,  because  of  the  resulting  abrupt  geometrical  dis¬ 
continuities,  our  confidence  in  the  method  is  somewhat  l»ss:  such  tesults  are  not  given  here  fbut  they  are 
available  from  Che  aerhors  on  request). 

’}[  >hwMPrnt’  U  , 3  ^"|ere*ti,1R  to  consider  the  consistency  of^the  solutions  for  the  normalization  constants 

-r  hMh«rrM  1rd,  Snd  Actually-  in  aU  cases.  R  aa«l  1  “ere  obtained  by  (3;.  However,  in  each 
case,  all  N(N-i.)  solutions  to  (2)  were  also  examined.  For  the  results  presented  ir  Figs.  4-7  (that  were 
characterized  by  changes  in  material  parameters),  all  solutions  for  (2)  were  always  in  agreement  in  excess 
ot  tour  decimal  places.  It  is  worth  mentioning  here  that  this  consistency  was  not  found  when  the  geometri¬ 
cal  characteristics  such  as  tunnel  radius  and  cable  location  were  modified  over  the  section  of  length  l 
howevei ,  we  do  not  dwell  on  this  matter  here  since  it  does  not  affect  the  results  presented. 


4. 


CONCLUDING  REMARKS 


V.e  have  usmonstrated  by  a  rudimentary  theevy  that  inadvertent  mode  conversion  ,an  be  a  significant  aspect 
o  .ea  y  .eeder  communication  systems.  In  particular,  if  the  phase  velocities  of  the  monofilar  and  bifilar 
mode  are  of  the  same  order,  relatively  small  lateral  changes  In  the  tunnel  characteristics  will  pr  duee 
significant  energy  conversion  between  the  modes.  This  is  probably  the  dominant  mechanism  in  leahy'feeder 
s\s  terns  that  employ  a  continuous  loosely  'raided  coaxial  cable  with  a  foam  dielectric  insulator,  Unfor- 
tunately,  it  ,s  difficult  to  predict  the  performance  of  such  systems  in  a  reel  world  environment.  On 
the  o,her  hand,  Controlled  mode  conversion  by  means  of  line  converters  can  use  cables  with  a  higher  per¬ 
mittivity  of  the  dielectric.  Then  the  inadvertent  conversion  is  of  much  less  consequence. 
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SUMMARY  OK  SESSION  VII 


EQUIPMENT  i'ONSI l>E K AVION S 


This  linal  session  focused  on  equipment  ami  antennas  in  eonnectio;  with  HE  radio-wave  propagation  research  and 
application 

Tanner  (US)  described  a  computerized  HE  direction  tinning  system  w;h  a  novel  antenna  array  v.ipable  of 
determining  the  azimuth  and  elevation  of  a  radio  signal  of  unknown  origin  Thus  an  approximate  location  can  be 
estimated  from  a  single  site  (normally  this  can  be  achieved  only  by  means  of  cross  bearing).  Other  advantages  of  this 
system  are  the  high  speed  of  measurements  being  performed  and  tin  minimal  requirements  for  trained  technical 
personnel 

Bibl  (US i  explained  (he  venous  measurements  which  can  be  performed  simultaneously  w  ith  the  new  digital 
lonosonde.  the  Digisonde  I  ’8  PS.  The  measurements  include  amplitude,  phase,  angle  of  arrival,  polarization,  frequency 
shift  and  signal  travel  time  of  a  radio  wave.  Tor  future  applications  a  topside  digital  lonosonde  with  ‘ow  output  data  rate 
is  be'ng  developed 

Bclrose  ((’a)  described  an  HE  communication  set  comprising  a  modern  single-sideband  transceiver  with  voice 
compression  and  quickly  erectahle  antennas  optimized  lor  low  heights.  The  system  is  intended  to  be  used  from  remote 
sites  in  northern  Canada,  when*  nuttier  landlum  nor  VUE  radio  is  available 

Sweeting's  (UK)  paper  was  read  by  l).J.  Gale.  It  t:  concerned  with  a  computei-based  method  for  optimizing  the 
radial  system  of  relatively  short  *ertical  whip  antennas.  Some  users  (mobile  radio)  are  bound  to  use  whip  antennas,  where 
the  efficiency  mainly  depends  on  fie  radial  system  Kadials  ol  difiercnt  lengths  reduce  resonance  effects  which  otherwise 
appear  m  highly  variable  impedances. 

Stark  (tie)  inttodu.ed  a  method  tor  optimizing  the  radiation  pattern  ot  III-  antennas.  Eor  ditferent  ranges  to  be 
bridged  by  HE  radio,  trie  ai  gle  ot  incidei.ee  is  different  and  also  the  frequency  used  usually  is  different  A  great  number 
ol  radio  propagation  predictions  ot  *he  Deutsche  Bundesposi  is  used  to  find  the  angle  distribution  as  a  function  of  the 
distance.  These  plots  weir  then  used  to  design  logarithmic-periodic  antennas  where  the  veitical  radiation  patterns  change 
with  frequency  so  that  for  each  distance  the  radiation  isoptiinmii 
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A  MOBILE  HF  IMPULSE  SOURCE  LOCATOR 


by 

M.L. HERON 

Physios  Department, 
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Australia. 


SUMMARY. 

The  design  strategy  is  described  for  an  instrument  which  will  record  the  direction  of  arrival  of  radio 
waves  from  noise  pulses  generated  during  discharges  of  static  electricity  in  the  atmosphere.  The  system 
can  be  adapted  to  IE  which  would  be  more  useful  for  thunderstorm  location  and  tracking,  but  the 
advantage  of  the  HF  instrument  is  that  it  can  be  mounted  on  a  mobile  platform,  for  example  an  aircraft, 
and  taken  near  to  and  into  storm3  +  o  study  storm  system  infrastructure.  The  problem  of  extracting  the 
directionality  from  otherwise  wide  band  noise  is  solved  electronically  by  using  coherency  in  a  narrow 
frequency  band.,  A  simple  data  logging  system  is  described.  The  present  system,  configured  for  an 
airborne  platform  has  azimuthal  resolution  of  about  0. 1'  and  elevation  resolution  of  about  5°. 

1.  INTRODUCTION. 

For  many  years  it  has  been  a  standard  technique  to  locate  and  tract  meteorological  disturbances  by 
measuring  time  delays  of  L.F.  i-oise  pulses  or  'spherics  on  long  base  line  triangulation  networks.  These 
observations  have,  in  the  past,  gereraily  been  costly  to  maintain  and  operate  and  recently,  to  the 
detriment  of  operational  forecasting,  there  has  been  a  trend  towards  discontinuing  the  procedure.-  As  well 
as  this  forecasting  aspect,  the  relationship  between  static  electricity  in  cloud  and  vortex  systems  and 
the  other  meteorological  parameters  is  not  well  understood.  There  is  a  need,  therefore,  for  two  types  of 
noise  pulse  locating  devices.  The  first  is  a  long  range  device  which  will  replace  the  long  baseline 
'spherics  system  to  allow  storm  location  and  tracking,  out  on  a  reduced  cost  basis.  The  second  require¬ 
ment  is  a  device  for  short,  range  high  resolution  location  of  active  cells  within  storm  systems. 

This  paper  describes  a  noise  pulse  locator  designed  to  meet  the  needs  of  research  into  the  structure  of 
tropical  cyclone  (nurricane)  systems  but  which  may  be  easily  adapted  to  storm  location  and  tracking 
applications.  Tropical  cyclones  do  not  easily  submit  to  detailed  observation  because  of  their  infrequent, 
but  devastating  visits  to  a  given  location  and  unpredictable  piths..  Coastal  rain  radars  are  edcquclo  for 
path  tracking  and  sevarity  estimates  and  coupled  with  satellite-borne  infrared  cl-ud  observations  form  an 
indispensable  real  time  information  base  for  coastal  communities.  Limits  to  resolution  of  t! «se  end  other 
ground  based  techniques  at  remote  sites  render  them  of  little  use  for  observations  of  the  detailed 
internal  structure  of  cyclones.-  "esearch'-rs  wanting  observations  with  high  spatial  resolution  in  tropical 
cyclones  have  been  faced  with  the  problem  of  maintaining  arrays  of  closely  spaced  coastal  or  island  sites 
and  simply  waiting  for  a  cyclone  to  pass..  The  comparatively  recent  development  of  aircraft  mstrument- 
ition  for  meteorological  research  is  removing  these  observational  frustrations  by  taking  the  observation 
site  to  the  storm  rather  than  waiting  for  the  storm  to  come  to  the  site.  This  capability  is  ;p:..ing  the 
way  for  detailed  study  of  active  cells  within  tropical  cyclone  and  other  storm  systems. 

.'his  paper  is  directed  towards? 

( i )  ex?  racting  from  the  extent  literature  a  set  of  properties  of  lightning  noise  at  K?  upon  which 
the  instrumentation  is  bised, 

(ii)  describing  the  principle  and  instrumentation  of  the  noise  pulse  locator, 

(iii)  es.imating  resolution,  errors  and  limitations  of  the  equipment  as  deployed  on  an  Orion  aircraft, 

(iv)  n~ing  the  areas  of  application  and  adaption  of  the  instrument. 

2.  : lECTROSTATIC  DISCHARGE  PROCESSES. 

Most  observations  of  lighoning  phenomena  over  many  decades  Lave  been  made  of  cloud  to  ground  flashes.  The 
accumulated  literature  gives  a  fairly  consistent  description  of  the  observed  phenomena  during  a  cloud  to 
ground  flash  but  the  characteristics  of  cloud  to  cloud,  ir.tracloud,  and  cloud  to  air  discharges  do  not 
emerge  so  clearly.  Most  recorded  observations  are  on  thunderstorms  but  the  few  observations  on  other 
systems  like  duet  devils  and  ..omadoes  provide  useful  contrasts  on  which  to  base  empirical  theories  for 
the  purpose  of  instrumen+ing  the  tropical  cyclone  experiment.  Theoretical  bases  for  the  electrical 
processes  are  not  well  established. 

2.1  Cloud  to  Ground 

The  classical  description  of  a  cloud-to-ground  flash  has  a  stepped  leader  lasting  for  about  CO  ms  wnich 
radiates  at  HF  and  creates  an  ionized  channel  between  the  negatively  charged  cloud  base  and  the  positively 
charged  ground.,  (This  ignores  the  small  p  region  of  positive  charge  at  the  cloud  base.)  (Uman  1969).;  A 
high  current  return  stroke  lasting  a  few  milliseconds  does  not  radiate  at  KF  but  is  the  most  luminous 
feature.-  ft  30- ;0  m/sec  intervals  a  fast  dart  leader  (-2  m  sec)  followed  by  another  return  stroke 
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usually  occurs  for  a  total  duration  of  up  to  0.'>  ae: ..  lku'lng  tho  Inters  t-roke  period  smaller  scale 
discharge  processes  called  K-8treamer  and  J-streamer  processes  make  charge  available  to  the  stroke 
channel  by  extending  conduction  paths  from  the  top  of  the  channel  further  Into  the  negatively  charged 
region  of  the  cloud.  These  processes  radiate  at  I  IF, 

The  radiation  at  11F  begins  at  the  commencement  of  the  first  stepped  lender  as  a  general  enhsneemet  1 
superposed  on  alwrt  spikes  of  tho  order  of  microseconds  probably  originating  from  each  step.,  (figure  l) 

A  few  milliseconds  of  no  signal  at  11  MHc  accompanies  the  return  stroke,  followed  by  noise  from  the  ' 
and  K  processes  which  has  a  similar  spikey  appearance  to  that  'Tom  the  stepped  tender.-  (Homer  i'hv, ) 

2.2  Cloud  to  Cloud 

The  noise  at  Hr  from  cloud  to  cloud  discharges  Is  similar  to  that  from  the  st.pped  leader  and  Inter- 
stroke  period  of  a  oloud  to  grounu  flash,  '.'he  presence  or  absence'  of  a  ijulet  time  provide.-.  I  dent  lflcat  ion 
of  cloud  to  grounl  and  cloud  to  cloud  flashes  ( Krcielshelmor  1 1.  For  thunderstorms,  Brook  and 
Kitagawa  (I9b0)  report  a  fairly  consistent  ratio  of  three  cloud  to  oloud  flasher  for  every  oh'*  cloud  to 

ground  flash  and  discuss  charge  continuity  under  these  venditions,  ,'liis  ratio  vni  ics  from  2f,‘>  to  1  In 

temperate  cones  to  10  to  1  in  the  trep'os  (i'*eroe  lo*-t,  tone,  nnu  IVentice  l'k-O V  tie  discussion  by 
Brook  and  Kitagawa  (i960)  probably  does  not  apply  to  large  cyclone  systems  hut  may  apply  to  sub-cel  Is,- 

2.3  Noise  Pulse  oouroe  location 

High  frequency  radiation  does  not  originate  from  the  full  channel  ’ength  of  .he  high  current  return 
stroke  but  from  smaller  scale  discharges.;  :lie  stepted  leader  of  a  cloud  to  ground  flash  emits  ltF  and 
VHF  noise  as  a  series  of  pulses  typically  1-2  usee  In  duration  and  serrated  by  about  V  nsec. 

Initial  discharge  in  the  cloud  preceding  the  stepped  leader  and  Junction  p'vces.i-'s  ,'d  nn.l  K  1  In  .the  cloud 

between  strokes  give  off  HF  radiation.  Hewitt  (lo*>7),  using  *>0  cm  radar  onserval loss  found  tie* t  the 

lnter-strcke  streamer  activity  was  normal!,,  most  Intense  and  prolonged  It.-  tin  lower  parts  of  a  thunder¬ 
cloud  (l.o,;  .,-7  km  altitude)  but  occasionally  develop  to  around  10  km.-  krehhtol  ot  nl  ( l'»7o '  used  a 
ground  array  of  stations  to  measure  fast  changes  in  electric  field  to  locate  charge  centres  In  a 
thundercloud  and  found  a  horirontal  displacement  between  ground  strokes, 

t’he  experiment  as  planned  will  ixit  hav<*  the  time  resolution  tc  locate  the  radiation  sources  of  Indiv.dual 
1-2  usee  pulses  from  each  filament  step  but  will  average  over  a  longer  jvriod  of  about  200  psec.  At  Hu- 
standard  data  storage  rate  of  10  per  second  this  will  not  follow  the  progression  of  ra.Hnt  1  *n  *rn*ree 
throighout  r  flash.  The  instrumentation  will  allow  switch  selection  -  *’  h'gher  data  rates'  ( M1'  pi  r  »\ond' 
for  later  inclusion  of  these  fast  observnl tons. 

The  basic  data  rrte  will  locate  the  discharge  centres  for  comparison  with  precipitation,  mdc.t  patterns, 
srehbiei  et  al  (1976)  observed  a  dose  association  between  the  location  of  charge  cetilro-  and  shaft-  of 
precipitation  located  by  radar  for  one  tlunde-storm  In  New  Mexico.  The  cause  and  effect  relatt  nshtp 
between  precipitation  ar.d  electrification  is  not  uiderstood  hut  the  two  are  often  .observed  to  be  linked 
(Voimegut.  et  al  1<?V>),  In  additioji  to  the  link  with  pree Ipltnt  ton,  -*ork  by  Keyncl.ls  and  Hr.'ok  1  i‘>‘-t>)  t-.ns 
demonstrated  a  direct  relationship  between  vertical  convection  anc  electric  fields  In  isolated  thunder¬ 
storms  and  Brook  and  K’t-agawn  i '  9e0 )  suggest  .hat  for  isolated  thunderstorm-  the  rx-nr.  duration  of  lightning 
discharges  ;the  total  flash)  is  a  measure  of  the  extent  and  intensity  of  vertical  con  e  t Ion.  no 
association  with  conveo* 1  on  la  in  general  agreement  with  tho  results  ,of  Taylor  (  l'1"'- 1  who  found  greater 
radio  noise  activity  in  winuctorms  and  funnel  clouds  than  in  thun.iers tonus., 

I*  runt  be  stressed  to.at  t >  c  radiation  centre  at  ’:F  »I1'  not  neeessarl ly  be  the  luminosity  cent n  .or  t!-.e 
point  of  maximum  current  or  of  maximum  atmospheric  heating.  Hat  her  it  Is  the  centre  of  initial  b-eak.lown. 
Mai  an  (19b*)  suggests  a  filament  breakdown  mechanism  between  large  drops  ( j  2sr.t  diameter)  low  d.  •  i  n  a 
thundercloud  when  h  )  100  kv/m.  higher  up.  the  d-oplets  and  lee  partlcUs  |.«'l arise,  and  breakdown  *11! 
occur  when  E  >  300  kv/a  (dim  inters  l  -t,  ! )  :utd  tUc  breakdown  is  mos .  lile.y  .o'  bej  in  x  liora  t  !•<  tro,  set  Mug 

Is  smallest.  It  Is  these  breakdown  regions  which  will  he  located  by  .he  radio  direction  fishier.. 

Ambiguities  and  errors  due  to  extended  sources  art  discussed  later  u-'der  system  evaluation, 

2.4  discharges  in  Tropical  fycl.  no  .''ys terns. 

No  reports  of  the  nature  of  electrical  discharges  observations  can  be  found  which  have  sufficient 
resolution  to  add  any  understanding  to  the  Internal  structure  of  -i  'ropleal  cyclone  or  hurricane,  Watd 
(1977)  used  the  ft  MHe  radar  facility  at  Townsville.,  North  Oucensland  to  examine  the  tire  sequence  'f 
radio  noise  from  cyclones  In  tint  region  and  reported  a  eye  c  o.’  .vise  'wirst  activity  going  Prom  a 
minimum  in  burst  rate  through  a  peak  and  bn;k  to  a  null  in  ah  nit  >0  minutes.  tils'  cycle  of  activity  needs 

to  be  confirmed  with  more  obsei vntions  and  romparc.i  w:th  *thcr  results.  This  period  is  :.t>out  tie  snre  a- 
the  ti.*e  for  a  t.vunderstorm  to  develop  and  r>-,v  poln*  to  sibst.-rm  cells  wltliln  the  cyclotio  stiuctuiv. 

However  it  appears  likely  tb.at  the  lightning  In  cyclonl.  conditions  will  not  have  *he  ratio  of  cloud  to- 
cloud  to  oloud- to-ground  flashes  typical  of  thunuor storms.  The  results  .of  Ward  ( I 1  - 1  '  and  the  .burs' 

rate  da  -a  taken  in  this  present  experiment  will  need  to  >.e  conn's  red  with  results  for  other  storm  systems, 
Taylor  (197*>  and  1970  found  thi*.  thuiv.erstorms  produce  tin  lowest  burst  r.  to,  with  hail.  Ini  and 
funnel  --ouds  producing  respectively  increasing  burst  rates.  Jaylor'  results  for  tornado  .condt  t  Ions 
show  high  burst  rates  with  average  values  in  excess  of  20  burst  per  minute.  'rook  an.:  Kitagawa  tt'Vt  ' 
point  out  that  the  interval  between  flashes  depends  upon  the  number  of  c- .  1 1  In  a  t hunderct on •-  -..vster 
with  each  cell  discharging  about  every  >0  seconds.  bis  explanation  may  be  relevant  to'  troj  leal  cyclones 
if  they  have  sub-cello. 
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*.)  Principle  of  ftperat  hut 

Hie  tow  power  pulsed  entis-;;  .a-e  fron  it reamer  prwrases  during  t hr  tvoign.i'rat  ton'  >'l’  e'eMth"  ;,t  to  rhargr 
tnntd*  a  elou.i  appear  a,-:  wld--  r  lee  at  the  antenna  of  a  nut  to  re. river.-  Ajar!  ‘'tva;  1 1 ,  .'radio' 

ooo u> fence  i»n.t  pulse.1  structure  t '■«>  ■;  !ir*'  dojimtn,,  the  dir;  lugut;  Mug  feature  .•■ej'.arst  thg  1 :  t'tvr 

lorwl  front -end  not. -a'  I;!  tl'.lt  It  ’'r'.gt’tf.tr  •  •'•••'■u  a  point  source  .Itseharga.  fills  nc.a:  a  'in!  futto' 
tiu'fs  at  various  fro.pienoles  arr t v t  .\j  ,t*'  the  Jenna  have  ordered  phase  tv 1  a 1 1 one’. ! *  •• .  A  na  -row  hard 
receiver  respond.-:  to  wide  hand  not;;p  tv  to-.  .tig  {’.«  ph.>a«  of  'ho  tav  «!u  ,v  frp.;uoty>  I  *  -.at  of  i  hr 
oontrp  of  ttio  rp.'rtvpr  hand.  ■  pnopptua".  tj .*  it”  not  I  o  emission  needs  to  t'o’  t-'serthel  a.-  a  ptoVr"  of 
energj  Inside  whtoh.  ' r.  Hip  t  trip  domain,  !  here  *.  a  ft  nr  slruotnre  .of  pulse.-.,  ’!•,<>  f -•  rto-'  rra«sform 
of  tt’.p  packet.  is  then  definable  and  fov  a  unrr,  *  fre.j.ier.cx  ittti'rta!  we  oar.  .dir.uss  tic'  :•  r  p 1 1 1  vv.tr  >t 

the  •  is  , 


tn  order  to  observe  t  he  phase  rt-l.at  ton  ships  of  .ho  potnt  sourer  of  ’Vtac  ;u!  a:,  'u.ei  tYt\w*er  !  • 

rt'vjttt roit  wtitol'i  «U1  oj'prat o  on  thr  radio  wav*-;-  during  .one  of  t!o  paeurf  ‘  three  < 'donna  In* rrfrtroro*'t rr 
!a  t!;p  hnrr  minimum  for  ’'hree -.listens  tons  l  direction  finding,  no  atsooraa  of  the  :•>  ton.  root  a  ntvp  the 
abllltj  to' make  rotattvp  phase  -tensurettynt.'.  I'ft *ooo  waves  of  th.o  .sme  f  reeuon.'i  rt  Mo  J hrer  diffr 
ui  trnnas.  iti.rt  tg  t  ho  short  -  t  vrd  packet  of  energy . 
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A.  I 


Theory 


Figure  s  shows  the  coordinate  system  based  o.i  the  location  of  the  three  antennas.-  0  is  the  aaimuth  ;.nd 
♦  the  eievrtt ton.  The  symbol  t-'l  is  used  to  represent  .the  observable  pliase  of  antenna  .'  with  respect  to 
the  phase  of  antenna  l.;  In  this  notat ion 

♦•'1  *  (4*A,-'X)  cos*..im' 

♦  V  *  ( .'»!'/!  1  cosecosS  -  (TwA/Al  cost  a  inti 
*>1  *  (.'wp'k  1  0-  nfcosO  ♦  (.'nA/V  '  c's«sln« 

There  is  redundancy  in  the  set  of  equations  hut  some  sol  itlons  for  i>  anti  fare  ill-oondlt  toned  uniter 
certain  conditions.  .'he  solut  ion  for  s'  us  In*: 

.  .  iv.'l 

t,uu  *  TTr^TTliW 

is  sat Jsfaotory  for  all  t>  and  g  i  \ os  t>  to  t  0..  depress  for  errors  of  i  l'  in  the  phe-,e  measurements. 

.he  quadrant  information  for  0  is  ohtntneii  by  adding  l*''  if  ( f  i.'  *  f  :t )  is  negative  which  gives 
-'V°  «.  t>  <  T'.V''.- 

rhe  be-t  solution  s,"-  :  ■per  is  ' he  value  of  ?  and  the  following  scheme  is  used 

c  •  \f.‘t  ,-A:  »n>> 

for  i:«im>|  >  I'.'V,’ 

eos  «•  tf-V  V(.v,  t*-i?ini*' 


1  v  t  *  A  l  ’ 


*  [  ^  v' 


.'OS'  i  ■  \f  '.''l  ,*’OSS  >  ‘.  s's‘1 


fi  t  ;  -it.  •. 

for  observational  phase  errors  of  *  l'  .  ♦  wilt  >-r  ri>i'.  c«t“  i  .to  Jct'es  t*t«»  live  .o'iservnt  iott:  do  not 
allow  resolution  of  the  stgn  of  *, 

limitations 


tine  serious  ^imitation  is  the  poor  experimental  resolution  of  elet;o  tor.  angle  i-a'.-t  iculnrly  when  it  is 
less  that.  10l .  .his  arise,-,  throvigh  jhe  geometry  of  the  antennas  and  oould  he  avoided  hv  miming  a 
duplicate  experiment  on  the  same  anteimas  hut  at  a  higher  frequency  (  uV  Mil?'. 

The  problems  of  interference  between  point  sources  in  different  locations  and  of  t  x tended  s'urces,  '.ike  a 
long  streamer,  are  no  re  fur  laments! .  If  several  points  radiate  during  the  ,\V  us  requires  for  each 
observation  then  the  coupes  1 1  o  rad  tat  ion  is  received  and  processed.-  It  is  shown  here  that  f'r  twii 
source;-'  of  equal  radiant  power.  *he  instrument  will  record  the  near,  phase  and  hence  t lie  wean 
direction  in  space.  If  however,.  o<  is  core  1  ilely ,  one  jvint  is  radiating  son-  pow  >•  that  others  then 
the  system  will  favour  the  strongest  source,- 

,'onsider  two  waves  wits,  o-.pli tudes  A  and  I*  at  the  same  frequency  but  with  a  relative  phase  shift  Hie 
antenna  will  sense  a  voltage  V  giver  by 

V  *  As t nwt  ♦  Usln  iwt  ♦  *•  1 

and  this  signal  will  drive  the  phase  lock  liv>p.  '.‘his  can  be  written 

V  -  it  A*  tV-os>  V  ♦  (Bsinf'*)'  sin  twt’.O 


whem  n  is  tlie  phase  of  the  cine  wave  driving  the  phase  circuits  and  is  given  by 
co,,  u  *  ( A^iV'osf  V'i(  A‘bcosv  1‘  ♦(  Hsinv  V  1"  .- 


For  A  *  P,  a  V/ and  the  phase  taken  by  the  loop  is  the  mean  of  the  two  radiating  waves,  '..hen 
A  >  a  becomes  less  than  as  shown  ir,  figure  o,  "he  net  result  is  that  the  measured  direction  is 
weighted  towards  the  stronger  source. 

Tlits  inability  u  detect  or  resolve  simultaneous  sources  may  cause  interpret  at  ion-al  difficulties, 
these  problems  if  they  prove  to  be  serious,  my  be  .avoided  by  taking  the  observation*  over  much  shorter 
time  intervals  of  .-1  us.  The  short  duration  peaks  of  radiation  iron  individual  st reams r  activity 
are  lesr  likely  to  coincide  with  the  same  fast  bu— H  originating  elsewhere. 


5.  CONCLUblON 

A  review  of  lightning  ply  sics  and  cloud  electrifici  tint  In.  a  been  used  as  the  basis  of  tlie  design  of  a 
mobile.  HF  noise  pul se  locating  Instrument.  .Tie  three  .antenna  version  configured  for  the  *T  hX or  ton') 
aircraft  has  some  performance  limitations  which  are  intrinsic  ir.  a  three  element  interferometer  operating 
!b  a  three  dimensional  situation.  For  other  applications  a  four  antenna  mounted  out  of  the  plane 
of  the  other  three  would  be  sought,  ’.n  this  work  the  general  direct  ion  has  been  towards  the  airborne 
application  because  of  the  poorly  d.Oi'umented  state  of  electrical  d’.sdiarge  phenomena  in  tropical  cyclone 
syatema.  tlow«.-er  an  Immediate  alternative  application  is  in  the  location  and  tricking  of  thunderstorms 
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ll  MHll 


I _  _ J 

100  mS  (after  HORNER J964  ) 


Figure  1,  ’-'adiation  from  a  ground  Hash,  .'he  ret urn  strokes  show  up  clearly 

cv>  t<  kila  ami  the  characteristic  ground  stroke  blanking  is  seen  on  11  Mle* 
The  inter-stroke  radiation  on  11  MH#  here  Is  similar  to  radiation  from 
cloud- to-c loud  flashes , 


Figure  Antenr-a  locutions  on  the  underside  of  the  U  okheed  WF-  H'  aircraft ,  t  and 
?  are  on  the  wing  sensor  p> Ions  and  s  is  on  the  rear  fuselage.  The 
antennas  are  downward  pointing  one  metre  stubs.- 
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Figure  3a.  The  block  diagram  for  the  hardware.  The  timing  of  the  threshold  detector 
and  subsequent  triggers  is  shown  in  figjre  3b. 
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Figure  3b.  The  timing  chain  after  the  radiation  amplitude  riser  above  the  thresl.oi. 
level. 
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A  NEW  COMPUTER- CONTROLLED 


HIGH  FREQUENCY  DIRECTTON-F 1NDING 
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SUMMARY 


The  direction- finding  and  transmitter  locating  system  to  be  described  here  represents  a 
new  approach  to  tnis  old  problem  that  offers  a  number  of  benefits  when  compared  with 
mox-c  traditional  systems.  These  include: 

.  High  speed  and  the  ability  to  operate  against  very  at  r.x.  duration  signals  with 
h_gh  accuracy 

Much  improved  ability  against  shor*- -range,  high-angle  sky-wave  signals 
Single-station  locator  capability 
Much  less  critical  siting  requirements 

.  Easily  adapted  to  automatic  netting  of  a  multi-station  system 

.  Minimal  requirements  for  trained  technical  personnel. 

Operation  of  the  TCT  system  depends  heavily  upon  the  ability  to  compute  with  high  accuracy 
the  precise  response  of  the  novel,  inward-looking  antenna  array  systems  used.  These 
computations  provide  both  phase  and  amplitude  response,  both  of  which  are  necessary  to 
the  technique  employed,  and  utilize  accurate  computational  techniques  based  on  numerical 
solution  of  the  integral  equations  detuning  both  the  DF  array  and  all  relevant  ooundary 
conditions.  The  DF  process  is  essentially  the  inverse  of  the  array  response  computation. 
Under  computer  control  the  response  of  the  array  to  the  incoming  wave  is  accurately  mea¬ 
sured  and  is  matched  to  the  re-computed  response  characteristics  stored  in  the  computer 
memory.  Both  azimuth  and  elevation  angle  of  the  arriving  wave  are  given  with  an  accuracy 
that  is  limited  essentially  only  by  variations  in  .ne  ionosphere. 

The  DF  and  transmitter  locating  system  is  easily  interfaced  with  ccmputerized  spectrum 
monitoring  and  signal  classification  and  recognition  equipment  to  provide  an  almost  fully 
automatic  signal  intercept  and  response  system. 

1.  INTRODUCTION 

The  TCI  computer-controlled  direction-finding  system  pretidts  a  standard  cf  performance 
with  respect  to  speed,  required  signal-to-noise  ratio,  and  accuracy  than  has  heretofore 
been  unobtainable  in  even  the  largest  and  most  complex  HF  direction-finding  systems. 

This-  paper  explains  the  undei lying  system  design  features  that  make  this  standard  of 
performance  possible  and  documents  actual  results  to  date. 

Since  the  end  of  World  War  II  almost  all  l^rge  aperture  HF  direction-finding  systems  have 
been  of  the  Wullcnweber  type.  Such  systems  hive  usually  taken  the  form  of  several  bands 
of  verticil  monopolcs  tacked  by  reflecting  screens.  The  DF  process  in  these  systems  in¬ 
volves  a  rotating  goniometer  which  produces  an  array  beam  that  rotates  in  a  circular 
scanning  mode.  The  signal  received  by  the  scanning  beam  has  traditionally  been  displayed 
on  a  cathode  ray  tube,  where  each  successive  scan  produces  a  new  imaae,  generally  cor¬ 
responding  to  the  shape  of  the  scanning  beam,  but  modified  by  modulations  of  the  signal, 
fading  and  othei  factors. 

In  most  such  systems  the  operator  visually  integrates  out  the  effects  of  modulation  and 
fading,  and  seeks  a  line  of  symmetry  in  the  displayed  pattern  that  indicates  the  azi¬ 
muthal  angle  of  arrive).  Recent  improvements  in  some  systems  have  replaced  (or  augmented) 
the  visual  displays  by  systems  that  digitize  the  goniometer  outputs  and  utilize  mini¬ 
computers  to  compute  tho  probable  bearings  from  the  digitized  goniometer  data.- 

Traditional  HF  Wullenweber  systems  would  be  suuiect  to  polarization  errors  when  operating 
against  sky  waves  if  horizontally-polarized  antennas  were  used.  To  avoid  such  errors 
virtually  all  of  the  traditional  systems  have  employed  only  vertically-polarized  antenna 
elements  which  suppress  response  to  horizontally-p^l^nzed  components  of  the  incoming 
waves.  Such  elements  have  nulls  at  the  zenith  and  these  systems  therefore  yield  poor 
results  when  operating  against  higb-.vnq)e  sxy-wave  signals  emanating  from  short-range 
emitters.  Recently,  due  to  rapid  advances  in  computer  technology,  it  has  been  possible 
to  apply  power’ll,  large-scale  computers  to  the  design  of  novel  antenna  arrays  and  much 
smaller,  but  still  quite  powerful,  mini-computers  to  the  processing  and  manipulating  of 
signals  received  by  these  arrays.  As  a  consequence,  new  DF  systems  have  entered  service 
which  perform  the  DF  estimate  much  more  rapidly,  provide  automatic  and  vexy  rapid  netting 
of  the  several  stations  n  a  multiple  station-  system,  great  .y  reduce  the  adverse  effects 
of  signal  modulation  and  fadinq  deal  accurately  with  short-range  high-ang)e  signals,  and 
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provide  s.  "'st  useful  single  station  locator  capability.  Moreover,  the  cost  of  these  new 
systems  is  a  small  fraction  cf  the  _ost  of  the  better  of  the  older  systems. 

2 .  DIRECTION-FINDING  AND  TRANSMITTER  LOCATING  TECHNIQUE 

2.1  Array  Response 

The  key  to  the  direction-finding  technique  employed  is  a  very  accurate  Knowledge  of  the 
response  characteristics  of  the  array,  noth  phase  and  amplitude  response  at  ail  points 
in  space,  at  all  frequencies,  and  for  both  vertically  and  horizontally-polarized  incoming 
waves  must  be  known  with  great  precision  ana  stored  in  the  memory  of  the  site  computer. 

The  array  response,  including  the  effects  cf  scattering  and  absorption  by  t  .e  antenna  ele¬ 
ments  opposite  the  excited  sector  of  the  array,  aie  obtained  by  computations  in  which  the 
integral  equations  defining  the  entire  array  and  all  relevant  boundary  conditions  are 
solved  numerically.  (TANNER,  R.  L.  and  ANDREA  £>EN,  M.  G.,  1967)  (TANN.1K,  P.  L.  and  WHARTON, 
W. ,  1978)  The  array  response  charactv nstics  must  of  course,  be  stored  in  the  computer 
at  a  finite  number  or  discrete  frequencies  and  angles.  Sophisticated  and  accurate  inter¬ 
polation  techniques  are  employed  to  obtain  the  response  at  frequencies  and  angles  different, 
from  the  exact  values  for  which  the  data  are  stored. 

2.2  Data  Collection  System 

The  system  by  which  the  array  response  data  are  collected  that  permit  the  direction  of 
arrival  of  the  incoming  wave  to  be  comp-ted  comprises  three  major  components:  The 
computer-controlled  switched  btsamformers,  the  duai-channe i  receiver,  and  tne  site  com¬ 
puter. 

2.2.1  Computer-Controlled  Beamformers 

The  beai.iformers  used  for  the  DF  function  are  essentially  as  described  below,  but  incorpo¬ 
rate  'IN  diode  switching  matrices  tha '  permit  the  beams  to  be  switched  by  c >mputer  command 
to  any  of  the  beam  positing  availaole  in  the  array.  Either  sum  or  difference  beams  can 
he  selected.  Switching  from  one  beam  position  or  mode  to  any  other  position  is  accom¬ 
plished  in  approximately  200  Msec.- 

The  system  includes  two  identical  but  completely  mdeper.  .ent  beamformers .  One  of  the-e 
feeds  the  "reference  channel"  of  the  receiver,-  the  other  <-he  "sampling  channel." 

2.2.2  The  Dual-Channel  DF  Receive- 

The  dual-channel  Df  receiver  is  actually  two  separate  high-quality  receivers  having  a 
common,  comp  ter-c mtrolled  local  oscillator.  Each  channel  is  essentially  a  high  ac¬ 
curacy,  high-dynanuc  range,  computer  tunal  '.e  radio-frequency  voltmeter  that  measures 
precisely  the  voltage  applied  to  its  input  terminals.  The  output  of  each  channel  is 
a  p. lr  of  numbers  that  give  both  tne  amplitude  and  the  phase  of  the  input  volt  -ge.  These 
two  numbers  appear  in  digital  form  on  a  pair  of  12-bit  A/D  converters  that  are  read  by 
the  computer. 

2.2.3  Site  Computer  and  DF  Algorithm 

In  gathering  data  for  a  DF  computation,  the  '’reference  channel"  is  connected  by  computer 
command  to  the  antenna  beam  pointed  in  the  general  direction  of  maximum  signal  and  is  not 
switched  during  the  data  gathering  process.  Voltages  measured  on  this  channel  include 
ail  amplitude  and  phase  variations  —  such  as  those  due  to  modulation  —  assneated  with 
the  incoming  signal  wave.  The  other  channel  of  the  receiver,  cal’ed  the  "sampling 
channel,"  is  switched  by  compute!  command  among  the  different  beams  of  the  array,  ’’ol- 
tagas  measured  on  this  channel  include  all  amplitude  and  phase  variations  ,*  sociated  with 
the  signal  itself  and,  in  addition,  include  amplitude  and  phase  var»atic  ^  that  arise  due 
to  the  differences  in  response  co  the  incoming  signal  -ave  of  the  different  beams  of  the 
array. 

By  comparing  the  vcltages  measured  on  the  "sampling  channel"  to  those  measured  on  the 
"reference  channel,"  the  phase  and  amplitude  variations  of  the  inerming  signal  itself 
(such  as  those  ca  sed  by  modulation)  are  eliminate!.,  leaving  a  set  of  complex  nunibers 
(phase  and  amplitude)  caused  by  differences  in  phase  and  amplitude  response  to  the  in¬ 
coming  wave  of  the  different  beams  of  the  array.  Osina  these  nuteoers  the  computer  calcu¬ 
lates  the  direction  of  the  arriving  wave,  including  both  azimuti  d’ivetion  and  elevation 
angie.  It  does  so  by  comparing  the  measured  responses  of  the  different,  beams  with  their 
ide.il  pre-computed  lesponses  stored  in  the  computer  memory.  Data  foi  one  Dr  "cut"  or 
"snap1  is  collected  in  as  little  as  200  ms. 

A  block  diagram  of  one  station  of  a  typica1  system  is  shown  in  Fn  1.  Figure  2  is  a 
photograph  of  the  electronic  equipment  comp'enent  it  a  typical  sts^ion. 

3  *  ANTENNA  ARRAY  AND  BEAMFORMING 

Perhaps  the  single  most  important  component  determining  system  performance  is  the  antenna 
array  which  will  now  be  discussed. 
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3.!  Array  Cenf iguration 

The  arrays  employed  are  novel,  utilizing  qursi-loo-por iodic  element’s  arrayed  in  an 
inward-looking  annulus  Vertically-pilar*  zed ,  horizontally-polari  .-.ed  and  dual- 

polarized  systems  are  available.  A  dual -polan zed  array,  tne  TCI  Model  410,  is  il¬ 
lustrated  in  Fig .  J.  Figure  4  is  a  photograph  of  a  horizontally-polarized  array,  the 
TCI  Mo  lei  402.  The  dual-polarized  airay  consists  of  independent  vertically  and  hori¬ 
zontally-polarized  arrays,  oo-loccted  and  sharing  a  common  structural  support  system.. 

Tne  numoer  of  elements  -n  the  ar.ay  >s  typically  20  or  24.  although  arrays  with  as  many 
as  36  elements  and  as  fov  as  18  elements  have  been  built.  The  array  shown  in  Fig.  3 
c.as  an  overall  diameter  of  300  meters  wh;.-h  is  the  largest  that  has  been  built,  although 
larger  arrays  are  possible.;  The  stray  of  Fig.  4  : «  ».i<allei,  216  meter  diameter.  Low 
frequency  performance  tends  to  suffer  if  the  array  is  made  smaller,  although  the  21t>m 
arrays  of  the  type  shown  >n  Fig.,  4  peifoim  well  to  a  lower  frequency  of  2  MHz. 

3.2  Beamformina 

The  quasi  tog  periodic  antennae  are  arrayed  with  then  vertices  on  an  innei  citole  of 
finite  radius  and  not  at  the  cente-.  This  fact  is  of  considerable  import ai  “c .  As  will 
be  describ'd,  it  permits  the  formation  of  low  ftequeney  b« ams  as  narrow  as  permiitod  by 
the  maximum  diameter  of  the  available  site  and  at  the  same  time  allows  the'  oeamwidth  at 
*  he  highest  operating  ttequenev  to  le  as  nattow  -is  is  consistent  w.te  the  number  beams 
•iv-c  table  in  tne  array . 

'u-  >s  well  known  log-pei iodic  antennas  tend  to  radiate  in  the  di-cctieii  of  then  vertices 
--  that  is,  towerd  the  small  end  of  the  antenna  or  toward  the  center  of  the  array  Direc¬ 
tive  beams  are  formal,  just  as  in  a  more  conventional  outward-lo -king  Wullenweber,  by 
combining  the  outputs  of  a  number  of  elements  through  phase  delay  lines  which  seive  to 
collimate  the  radiation.-  In  outward-looking  circular  arrays  tb*.  phasing  lines  with  the 
wettest  delay  are  in  scr>es  with  the  elements  at  the  center  of  the  illuminated  sectoi 
in  ti'.e  i nward-look ’ ng  arrays  described  here  the  phasing  lines  with  greatest  delay  are  ;n 
series  with  the  elements  at  the  edges  of  the  illuminated  sectoi.  Typically  the  elements 
occupying  an  arc  of  120  deg.ees  are  combined  to  fi.rm  a  beam.  By  combining  the  elements  -■  i 
each  half  or  the  sector  separately,  and  then  by  combining  these  subsectors  in  a  hybrid 
combinei  wi  noth  sum  and  difference  outputs,  both  sur  and  difference  beams  aie  obtained.- 

Figures  ’>  and  (>  show  representative  patterns  obtained  with  tne  arrays  described.  For 
monitoring  or  eommunicat ions  applications  oe  ims  equal  in  number  to  the  number  of  array 
elements  can  readily  be  m -do  available.  For  tins  direction-finding  and  transmitter  locating 
function,  separate  computer-controlled  switohable  beams  are  employed.;  These  cal.-  be  made 
available  simultaneously  with  multiple  fixed  beams.  A  tiuo  ominazinuit hal  beam  can  also 
be  furnish ?d  if  . equired. 

3.3  Advantages  of  Inward -Looking  A>-ray  configuration 

For  one  accustomed  tea  thinking  ot  cncumr  arrays  in  the  context  of  the  conventional 
outward-looking  configuration,  the  type  of  arrays  just  described  seem  stiange  —  even 
bizarre  --  and  raise  many  questions.-  Upon  further  coiisideiation,  however,  it  becomes 
apparent  that  the  advant  iges  are  men'  and  significant  while  the  disadvantages  are  more 
imagmaiy  tt  *n  real.-  .Some  of  the  advantages  will  now  be  discussed.  The  seeming  dis¬ 
advantages  w’  11  also  be  considered  more  c  ireful  ly.- 

3.-3. 1  Large  Bandwidth  and  Simplified  RF  Distribution  System 

In  the  conventional  Willenweber  syst  -ms  the  operating  frequoney  band  is  covered  a  i  a  series 
of  sub-bands,  each  typically  of  3:1  bandwidth.  At  least  two  and  frequently  three  sub¬ 
bands  are  required  to  covei  the  bandwidth  ot  interest.  For  the  inward- looking  arrays 
described,  an  cperating  tango  ot  nearly  cD:l  tl.o  tev  3l>  MHz'  has  boon  covered  in  a  single 
band.  This  is  possible  ‘-ecause  of  the  veiy  broadband  capabilities  of  the  quasi -le>g- 
pei  iodic'  antenna  elements  osed  m  the  anay. 

The  fact  that  a  wide  opeiati  g  bandwidth  can  be  covered  by  the  airay  in  a  single  b..nd 
greatly  simpl.fies  the  RF  distribution  system  in  addition  to  making  it  much  less  costly.; 

For  example,  a  typical  TC 1  system  requires  only  24  mil t icouplers  and  beamformeis  to  pi n- 
v l do  24  mo’.utoi  beams  and  provide  for  the  DF  capability..  By  contrast,  the  ILK-'1,  per¬ 
haps  the  best  ot  the  conventional  systems,  has  48  low-ba  d  elements,  mid-band  elements, 
and  48  high -band  elements;  a  total  o t  '42  elements.  Typ  cilly  lb  elements  are  combined 
in  the  bcamf. timers  to  form  the  monitor  beams  with  additional  outputs  to  ac-ommodaie  the 
DF  function.  To  do  i.lus  each  element  must  be  provided  with  mu 1 1  icouplei '  having  many  more 
outputs  than  are  required  in  the  .iiwai d- looking  ai.ays.  In  addition,  the  moiutoi  beam- 
formers  are  both  much  more  numborous  and  more  complex.  i  .ich  sut  -band  beam  combines  tne 
outputs  fiom  rnc.ny  niote-  elements,  theto  .uc  mc-i  e  beams  io-ivimM  te'r  adeejuate  angel  at  cover¬ 
age  m  each  sub-band,  ,:nd  each  sub-band  requires  its  own  set  o!  beanttormoi  s .  Finally  to 
obta.  i  monitor  beams  that  ce'Ve'i  the  t  it  ire  e'perat  lag  t  roeyuonoy  band,  the  separate  beams 
from  tne  tint  eiiffeiont  basis  must  be  ee'mbtneei  m  nail  t  iplc'xing  .nuts.- 
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3.3.2  Efficient  l)3e  of  Available  Aperture  --  Smoother  and 
Smaller  Variation  of  Beamwidth  with  Frequency 

The  inward-looking  quasi-log-periodio  arrays  mar?  uniquely  efficien-  use  of  the  avail¬ 
able  aperture.  Thin  results,  in  turn,  in  both  smalici  and  smoother  variation  ot  array 
beamwidth  over  the  operating  frequency  range.  It  is  a  well  known  characteristic  of 
loq-penodic  antennas  that  their  active  regions  change  physical  position  with  changes  in 
frequency.  At  low  frequencies  the  active,  or  rrdtatmq,  region  is  at  the  large  end  of 
the  antennas  and  progresses  forward  towaid  the  vertex  as  the  frequency  increases.  In 
the  circular  arrays  described  heic  this  means  tha*-  the  effective  aperture  at  low  fre¬ 
quencies  corresponds  witr.  the  maximum  diameter  of  the  array.  As  frequency  increases 
the  active  region  moves  towaid  the  vertex  or  toward  the  center  of  the  array..  Con 
sequeitly  the  effective  physical  size  of  the  aperture  decreases,  but  because  the  \ertiees 
of  the  antennas  are  or  a  circle  of  significant  radius  and  not  at  the  center  of  the  array, 
tho  electrical  size  of  the  aperture  tncioases,  and  the  beamwidth  narrows.-  With  the  de¬ 
sign  para  leters  available,  the  arrays  can  be  designed  to  have  a  low-frequency  beamwidth 
as  narrow  as  the  maximum  diameter  01  the  available  site  permits,  and  a  high  frequency 
beamwidth  jest  wide  enough  to  cover  the  required  angula'  sector;;  for  example,  15  degio«s 
with  a  24-element  array.-  Typically,  over  a  15:1  frequency  Dand  the  variation  in  beam- 
width  is  approximately  3:1. 

3.3.J  Symmetry  ot  Electrical  Environment  and  Relative 

Immunity  to  Site  Irregularities 

A  further  advantage  of  the  inward- looking  array  is  the  symmetry  of  the  electrical  envit oil¬ 
men  t  inherent  in  this  configuration  a.ic  the  comparative  immunity  to  site  irregularities 
and  obstacles  in  tho  area  surrounding  che  array.  In  a  conventional  outward-looking  array 
tho  area  outside  the  array  itself  must  be  smooth,  uniform,  and  free  of  scattering  obsta¬ 
cles  for  a  substantial  distance.  Otherwise  the  beam  shape  will  change  as  the  beam  rotator, 
resulting  in  signit leant  OF  errors..  For  the  inward-looking  array,  on  the  other  hand,  the 
separation  between  the  active  sector  of  tho  array  and  site  irregulai it les  or  scattering 
obstacles  is  effectively  increased  by  the  diameter  of  tho  array.  Irregularities  or  ob¬ 
stacles  outside  the  array  therefore  have  much  less  effect  on  beam  shape  and  OF  perfor¬ 
mance.  None  of  the  sites  where  such  systems  are  presently  installed  and  perfoiming  well 
would  be  suitable  for  installation  of  an  outward-looking  array. 

3.3.4  Ground  Screen  Considerations 

The  ground  screens  used  with  present  outward- look ing  arrays  are  much  too  short  to  affect 
radiation  patterns  and  serve  only  to  stabilize  element  impedance.  In  such  arrays  beams 
at  different  angular  positions  overlook  different  areas  of  ground,  and  to  make  tho  ground 
screen  sufficiently  long  to  benefit  the  radiation  patterns  would  be  both  very  expensive 
ard  increase  by  approximately  ninefold  the  land  area  requited  rer  the  inward -looking 
array,  beams  at  deferent  angles  overlook  the  same  common  area.  l>y  covering  the  area 
occupied  by  the  array  with  a  giound  screen,  all  beams  are  provided  with  a  around  screen 
ot  length  essentially  equal  to  array  diameter.-  The  improvement  .n  gain  and  low  angle 
radiation  which  results  more  than  compensates  for  the  power  absorbed  v -  scattered  by  the 
unexcited  elements  opposite  the  excited  sector.- 

3.3.5  Ease  of  Testing 

Another  advantage  of  the  inward- looking  oonf igurat ion  of  considerable  impel tance  is  tho 
ease  with  which  the  array  can  be  tested.  By  injecting  a  signal  into  a  small  omruazimuthal 
antenna  at  the  geometric  center  of  the  array,  the  array  elements,  be.imfermors,  multi- 
couplers,  and  other  components  of  tho  system  can  be  tested  easily,  lapidly,  and  accurately, 
and  any  malfunctions  diagnosed.-  The  testing  operation  can  bo  accomplished  largely  by  the 
site  computer.; 

4 •  TYPICAL  RESULTS 

Figures  7a  and  7b  are  reproductions  of  actual  hard  copy  piintoms  of  PE  insults  f*om  one 
site  of  a  four-site  system.  Fach  line  of  tho  printout  ropi osont s  the  results  of  one'  "cut" 
for  which  the  data  were  gathered  in  less  than  300  ms.  Computation  of  the  beai’iig  f  i  o.,\  the 
measured  results  requires  approximately  two  seconds.  Signal-to-noiae  latio  was  apptoxi- 
mately  15  to  20  dB.,  From  left  to  light  the  printout  columns  give  tho  date  and  tho  local 
time  (to  nearest  second)  that  the  data  were  gathered,  the  computed  azimuth  beating,  the 
computed  clevat'or  angle,  and  finally  a  quantity  called  the  '‘confidence  factor."  Theie 
are  several  features  evident  in  the  data  shown  that  deserve  comment,  First,  the  confi¬ 
dence  f  ctoi :  This  number  is  veiy  closely  akin  to  a  correlation  coefficient  between  actual 
measured  voltages  and  .»  hypothetical  sot  of  idealized  voltages  derived  fiom  the  stored 
array  response  cha*'acte,  ist  *  <-s .  The  DF  computation  consists,  in  effect,  of  finding  tho 
best  possible  mctch  between  the  actual  (normalized)  measured  voltages  at  t hr  difterent 
beam  output  ports  and  a  corresponding  set  of  voltages  derived  from  the  stoied  array  re¬ 
sponse  data  as  tho  hypothesized  direction  of  arrival  of  the  wave  is  shifted  about.  Tho 
hypothesized  direction  yielding  tho  best  correlation  is  taken  as  -.he  correct  direction  and 
printed  out. 

It  will  be  noted  that  all  but  one  of  the  confidence  factors  m  tho  examples  of  Fig.  '  ex¬ 
ceed  0.9  and  there  are  two  instances  wheie  the  confidence  faeroi  is  0  >*94.  The  theoiet 
ical  maximum  for  this  factor  is  1.00  and  it  is  appioriiato  to  consider  the  many  diffeient 
circumstances  that  can  result  in  a  lower  value.  Errors  in  the  pi o-i-omputcd  stoied  re- 
sponse  data  or  in  the  interpolation  between  the  discrete  values  of  frequency  and  angle 
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that  ai  e  stored  in  the  computer  are  two  of  the  most  interesting  possibilities.  The  values 
of  0.914  achieved  against  actual  signals  implies  very  high  accuracy  of  the  stored  data 
and  consequently  of  the  computational  techniques  by  which  it  was  derived..  Factors  whicn 
could  result  in  values  lower  than  1.00  include  noi9e,  measurement  eiror,  interfering  sig¬ 
nals,  contamination  of  the  principal  wave  by  other  propagating  modes  and  others. 

Another  point  of  interest  is  that  the  different  "cuts,"  when  we-e  taken  several  seconds 
apart  m  time,  do  not  scatter  randomly  but  vary  in  a  systematic  manner  with  time.  For  ex¬ 
ample,  the  first  group  of  results  in  Fig.  7a  shows  a  small  negative  azimuth  error  at 
first.  The  bearing  error  then  passes  through  zero,  goes  slightly  positive,  then  diitts 
negative,  reaching  a  maximum  value  of  more  than  I  deqi ?es  before  it  again  turns  in  the' 
positive  direetion  and  reaches  a  maximum  positive  value  of  1,7  decrees  before  again 
turning  nega' >ve.  Such  behavior  is  exactly  what  one  might  expect  from  the  passage  of  a 
so-called  TID  (travelling  ionospheric  disturbance)  (JONKF,  "/.•  B .  and  REYNOLDS,  J,  S .  B., 
1971).  Space  limitations  preclude  the  inclusion  o;  many  mote  similar  exai.pli  i ., 

5 •  INTEGRATED  SYSTEM 

Typically  several  sites  are  ne* ted  into  a  system.  The  individual  sites  automatically  re¬ 
port  their  DF  results  to  a  central  command  center  where  a  computer  uses  the  site  results 
to  calculate  tne  location  of  the  transmitter. 

Figure  8  reproduces  typical  hard  copy  reports  generated  in  response  to  a  system  DF  com¬ 
mand..  Figure  8a  shows  the  report  at  one  site  of  the  sytem,  while  Fig.,  8b  shows  the 
emitter  location  report  at  the  command  center  for  the  same  even..  At  1  he  operators 
option  the  site  report  could  be  altered  to  eliminate  the  results  for  individual  cuts  and 
to  pi int  out  only  the  average  summary.  It  will  be  noted  in  the'  command  center  report 
that  latitude  and  longitude  degrees  have  been  deleted  at  the  system  owner's  lequost  to 
avoid  revealing  location.;  It  should  also  be  mentioned  that  the  caleul -tod  radius  of  un¬ 
certainty  (1  km)  shown  in  Fig.  8b  is  somewhat  optimistic  in  this  example.;  The  actual 
transmitter  location  was  approximately  10  km  from  the  calculated  legation. 

6  SINGLE  STATION  LOCATION 

The  ability  of  the  system  to  measure  the  elevation  angle  of  arrival  as  well  as  its  azi¬ 
muth  gives  it  the  useful  ability  to  locate  the  source  of  a  signal  from  a  qingle  pp  station 
Normally,  emitter  location  is  accomplished  u^ing  azimuth  bearing  data  and  t/i arsgulat ion . 
However,  on  some  occasions  only  one  station  will  obtain  a  high  confidence  bearing,  o>  two 
stations  might  obtain  healings  but  the  angle  between  the  lines  of  bearing  from  the  two 
stations  is  too  small  to  -illow  accurate  triangulation.  In  such  circumstances  the  single 
station  location  capability  is  the  only  means  by  which  an  estimate  of  emitter  location 
can  be  obtained. 

Single  station  location  requires  in  addition  to  elevation  and  azimuth  angles,  a  knowledge 
of  the  effective  height  of  che  ionosphere  at  the  frequency  of  the  target  signal  ,  ideal  1) 
this  information  should  be  available  on  a  real-time  bisis  together  with  information  con 
ceraing  ionospheric  tilts,  etc.  Experience  with  the  systems  described  has  shown,  How¬ 
ever  that  useful  results  can  be  obtained  using  only  the'  ionospheric  propagation  pre¬ 
diction  data  obtained  from  the  Institute  of  Tc'eeommumcations  Sciences  (ITS),  Tabic  1 
shows  a  ’.umber  of  examples  of  the  results  obtained  this  way.;  Use  of  a  real-time  10110-- 
sphenc  sounder  properly  iiicorpor; ted  into  the  system  would  almost  certainly  impiove 
upon  the  results  obtained  tnus  far,, 

7,  COMPUTERIZED  SPECTRUM  SURVEILLANCE  AND  SIGNAL  RECOGNITION 


Although  a  complete  description  is  beyond  the  scope  of  this  paper,  it  is  appropriate  to 
mention  that  the  computerized  DF  system  -just  described  is  ideally  adapted  to  operation 
with  companion  automated  spectrum  surveillance  and  signal  clarification  or  recognition 
equipment.  TCI  has  furnished  spectrum  monitor  equipment  which,  depending  upon  the  channel 
width  defined,  is  able  to  scan  the  HF  speettum  at  a  rate  exceeding  JO  MHz  sec,  catalog 
and  remember  occupied  channels,  and  repci t  newly  appeared  signals  to  a  computerized 
classif ler /recognizer .  The  classifier, recognizer  cat,  N-  programmed  to  ro’ognize  signals 
of  particular  interest  if  their  modulation  characteristics  can  be  do, mod  with  adequate 
precision,  and  to  refer  them  automatically  to  the  emitter  locator  system  winch  tnon  de¬ 
termines  the  location  of  the  transmitter  from  which  the  signal  originates. 

8.  CONCLUSION 

The  direction-f lading  and  transmitter  locating  system  just  described  offirs  many  advan¬ 
tages  of  speed,  accuracy,  economy,  and  immunity  to  site  irregularities  over  older,  mo,e 
traditional  systems.  These  benefits  derive  to  some  extent  from  the  novel  approach  used.; 

Of  central  importance,  however,  is  the  extensive  use  of  modern  high  speed  ooi.  puteis.  Those 
permit  the  DF  array  to  be  designed  and  its  response  chaiaetenstics  to  be  known  with  a 
precision  heretofore  not  possible.  They  also  permit  the  rapid  and  accurate  collection  oi 
almost  all  signal  response  data  potentially  available  from  the  array  and  its  rapid  pro¬ 
cessing  to  obtain  the  direction  c>f  arrival  of  the  signal  of  interest. 


45-6 


TANNER,  R.  L.  and  ANDREASEN,  rt.  G. ,  September  1967,  "Numerical  Solution  of  Electromagnetic 
Problems",  IEEE  Sprctrum,  Vol.  4,  No.  9,  pp.  53-61. 

TANNER,  R.  L.  and  WHARTON,  W. ,  1976,  "The  Computer-Aided  Design  of  LF,  MF,  and  HF  Ar.tennas", 
presented  at  IEEE  Conference. 

JONES  T.  B.  and  REYNOLTS,  J.  S.  B.,  January/February  1975,  "Ionospheric  Perturbations  and 
Their  Effect  on  the  Accuracy  of  HF  Direction-Finders",  The  Radio  and  Electronic  Engineer, 
Vol.  45,  No.  1/;. 


Table  1.  Summary  of  Typical  Test  Data  of  Transmitter 
Location  from  a  Single  Site 
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DISCUSSION 


A  Larchor  Brinca,  Fo 

(1)  Can  this  DF  technique  be  used  in  VLF,  nam-ly  for  inagnetospheric  wmstlers  lecogm/mg  the  practical 
limitations  of  VLF  antennas? 

v-)  When  solving  the  current  integral  equations  for  the  antenna  array  d  '  you  use  a  variation  of  the  method  of 
moments?  How  do  you  take  into  consideration  the  effect  of  the  ground? 

Author's  Reply 

;  l )  In  principle  yes,  but  practically  the  required  antenna  would  be  too  large  and  expensive  to  be  used  .'.t  VLF 
frequencies. 

(2)  The  method  is  closely  related  to  what  is  now  called  the  "Method  of  Moments".  The  ot  gmal  program  which 
was  the  progenitor  of  the  present  TCI  program  was  developed  considerably  before  the  term  "Method  of 
Moments”  was  invented.  Finitely  conducting  ground  effects  are  taken  into  account  by  assuming  the  ground 
to  be  a  uniform  lossy  (conducting)  half  space  and  solving  for  the  fields  of  a  current  elen.cn’  of  finite  exten .  in 
the  presence  of  this  "ground’'.  The  resulting  fields  are  used  as  the  Green’s  function  in  the  solution  of  the 
integral  equation. 


DIGITAL  ON-LINE  PROCESSING  AND  DISPLAY 
OF  MULTI PARAMETER  HF  TRANSMISSION  DATA 


K.  Bibl  and  B.  W.  Reinisch 
University  of  Lowell 
Center  for  / tmospheric.  Research 
Lowell,  Massachusetts,  U.S.A. 


SUMMARY 


Amplitude,  phase,  angle  of  arrival,  polarization,  frequency  shift  ar.d  si^ial 
travel  time  of  a  radio  wave  are  simultaneously  measured  as  functions  of  time  and  fre¬ 
quency  in  a  new  digital  ionosonde,  the  Digisonde  128PS. 

For  the  study  of  the  structure  and  motions  of  the  ior.osp.nre  and  its  influence 
on  Over-the-Horizon  detection  systems,  on  sea-state  measurements,  on  direction  and 
location  finding  methods  and  on  communication  systems  a  selection  of  the  measurable 
parameters  is  recorded  and  displayed  in  real  time  with  the  nececsary  resolution.  Two 
ma:n  modes  of  operation  are  described,  the  ionograr,  mode  using  a  Maximum  Amplitude 
scheme  for  data  compression  and  the  Doppler-Drift  mode  using  preselected  frequencies 
and  range  bins  for  data  compression. 

Many  applications  in  new  fields  are  anticipated  in  addition  to  the  thorough 
understanding  of  the  ionosphere,  its  sources  and  its  forces. 

1.  INTRODUCTION 

Radio  waves  are  characterized  by  amplitude,  phase,  argla  of  arrival,  polariza¬ 
tion,  frequency  snitt  and  signal  travel  time.  All  these  wave  parameters  ar  ■»  measured 
as  functions  of  time  and  frequency  and  displayed  in  real-time  in  a  new  digital  iono¬ 
sonde,  the  Digisonde  123PS.  For  the  study  of  the  structure  and  the  motion  of  a  dis¬ 
persive  medium,  lik»  the  ionosphere,  and  for  a  full  analysis  of  the  influence  of  the 
ionosphere  on  Over-the-Horizon  detection  systems,  on  sea-state  measurem;  ncs,  or  direc¬ 
tion  and  location  finding  methods  and  on  communication  systems  a  digital  radio  sounder 
is  employed  with  pulsed  carrier  frequencies  scanning  in  steps  through  a  large  frequency 
band.  Frequency  scanning  adds  an  important  parameter  to  the  wave  characteristics  of  a 
conventional  Radar  system. 

2.  SYSTEM  DESCRIPTION 

As  a  scientific  instrument,  but  useful  for  many  operational  +ashs,  we  have  de¬ 
veloped  a  digital  ionosonde  which  uses  a  large  antenna  array  in  a  scanning  or  in  a 
beam-fc-rming  mode.  The  Digisonde  128PS  (K.  Bibl  and  B.  W.  Reinisch,  19/8)  simultan¬ 
eously  integrates  the  echo  amplitudes  in  a  phase  coherent  mode  at  many  Doppler  frequen¬ 
cies,  ar.d  fo'"  all  chosen  antennas  or  beam-directions.  Echoes  from  24  antennas  can  at 
once  be  spectrur  analyzed  in  128  coherent  channels,  or  If  spectral  liner  can  be  moni¬ 
tored  ror  128  range  bins.  Many  other  combinations  of  range  windows,  frequencies,  polar¬ 
izations,  spectral  channels  and  incidence  angles  can  be  processed  simultaneously.- 
Using  the  time  between  the  transmitted  pulses  to  measure  complex  spectrum  amplitudes  in 
up  to  256  carge  bins  (time  sectors)  requires  a  very  fast  on-line  spectrum  analyzer. 

The  Proces  ing  Controller  of  the  Digisonde  forms  the  products  between  the  sine  and 
cosine  samples  of  the  high  frequency  (HF)  signal  and  the  trigonometric  spectral  func¬ 
tion  (of  three  averaged  spectral  lines)  at  a  rate  of  1  MHz.  But  such  ?  large  amount  of 
data  can  not  be  handled  on  a  continuous  basis.  We  therefore  operate  the  system  ir.  one 
of  two  data  compression  schemes:'  the  Ionogram  Mode  with  the  Maximum-Amplitude  Method, 
ana  the  Doppl zr-Drift  Mode  with  limited  frequencies  and  ranges. 

2.1  Maximum  Amplitude  Mode 

The  Maximum  Amplitude  Mode  is  used  for  recording  of  digital  ionograms.  For  each 
of  the  128  range  bins  of  the  more  than  100  carrier  frequencies  the  largest  amplitude  of 
t.ie  24  possible  channels  is  selected.  The  amplitude  is  recorded  together  with  a  status 
cnaracter,  indicating  the  selected  channel  number.  Since  the  signals  arriving  from 
different  direc*-i<-ns  with  different  Doppler  travel  along  different  paths,  they  mostly 
have  different  tra/el  time.  Thus  the  maximum  method  does  not  suppress  essential 
information. 

In  the  contrary  this  differential  method,  selecting  the  strongest  amplitudes, 
enhances  the  main  features  of  the  investigated  propagation  medium,  as  shown  on  the 
right  side  in  Fig.  1.  With  frequency  as  the  abscissa  and  range  as  ordinate  tne  ampli- 
tuoes  (on  the  bottom)  or  the  status  characters  (on  top)  form  parterre  from  the  numeri¬ 
cal  presentations  as  the  third  dimension  (K,  Bibl,  1974).  Different  features  are 
clearly  distinguishable  simultaneously.  While  one  area  of  ref) actio"  (showing  large 
values  of  the  status  ’’ndicator  on  the  top  of  the  picture)  moves  toward  the  observation 
station,  the  older  ionization,  forming  the  lower  pattern,  with  numerical  values  below  8, 
moves  away.  While  the  presence  of  the  "4"  bit  (numbers  between  5  and  7  or  13  and  15) 
indicates  high  Doppler  speed,  the  numbers  1,  5,  9,  13  indicate  one  direction,  2,  6,  10, 
14  another  and  the  numbers  3,  7,  11  and  15  a  third  direction  of  the  ai  ’iving  echoes. 
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A  different  method  of  data  presentation,  the  split-screen  technique,  is  presented  in 
Fig.  la.  Here  two  complementary  data  sets,  echoes  with  ordinary  and  with  extraordinary 
polarization,  are  presented  in  two  separate  icnograms.  Splitting  into  several  iono- 
grams  is  possible  by  an  on-line  microcompvtei  (Fig.  2).  On  the  bottom  of  the  figure 
the  total  of  the  recorded  data  is  presented  first  in  the  form  of  amplitude  icnograms 
and  above  those  as  status  ionograms.  On  top  cf  there  two  ionograms  the  data  are  broken 
down  into  three  practical’y  independent  amplitude  ionograms  which  show  echoe~  arriving 
'rom  three  different  directions.  Since  the  interference  is  split  in  the  same  way  a 
substantial  reduction  in  interfersnee  appearance  is  achieved  that  way.  To  increase  the 
number  of  scanned  directions  the  receiver  antenna  be.  m  is  looking  into  different  direc¬ 
tions  in  sequential  ionograms  which  are  corresponding  to  the  lef+  or  the  right  side  of 
Fig.  2.  This  is  done  to  increase  the  number  of  reflection  areas  with  tha  same  range 
displayed  simultaneously  and  to  increase  the  sensitivity  of  the  differential  selection 
ir.  tnc  Maximum  Amplitude  mode  which  overcomes  the  limitations  caused  by  the  large  beam 
width  of  the  receiver  antenna  array.  Thus  the  ionogram  showing  the  vertical  echo  also 
includes  echoes  from  directions  not  separated  by  the  split  screen  method.  Therefore 
the  consecutive  "vertical"  ionograms  appear  somewhat  different  and  must  be  further 
clea-ed  in  the  microcomputer'  to  include  only  common  echoes.  Similarly  two  additional 
directions:  north  and  sc uth  can  be  constructed  by  extracting  echoes  common  in  the  NW 
and  NE  or  SW  and  SE  ionogram  respectively.  Thus  it  will  be  possible  to  construct  false 
color  ionograms  indicating  six  different  directions  as  six  different  color's  plus  over¬ 
hear1  as  white  and  till  maintain  amplitude  and/cr  Doppler  information  as  numbers.  A 
third  method  is  the  suppression  of  unwanted  echoes,  as  shown  in  Fig.  3.  This  method 
finds  application  mainly  in  automatic  compression  and  analysis  of  large  data  series 
where  one  magneto-ionic  component  or  oblique  echoes  should  be  suppressed  (Fig.  4).  But 
the  switching  between  ionograms  with  and  without  suppression  of  specific  echoes  shews 
surprises  even  to  experienced  data  analysts,  specifically  in  the  aurora  region  where 
oblique  echoes  are  often  interpreted  wrongly.  Thus  the  digital  tagging  of  the  echo 
properties  is  significant  also  for  the  manual  data  analysis  as  inputs  for  world-wide 
mapping. 

2.2  Doppler-Drift  Mode 

In  the  Doppler-Drift  Mode  a  full  complex  spectrum  analysis  is  executed  in  real 
time  during  the  measurement.  The  build-up  of  the  spectra  can  be  observed  for  any  and 
all  of  the  24  independent  channels  by  the  programmable  test  features.  Guided  by  the 
survey  provided  by  the  Maximum  Amplitude  Mode  six  frequencies  and  ranges  can  be  chosen 
for  the  .•'canning  of  four  antennas  simultaneously,  father  than  processing  a  multitude 
of  frequencies  and  ranges,  the  signals  from  up  to  24  antennas  are  spectrum  analyzed 
simultaneously .  This  interlaced  spectrum  analysis  is  necessary  if  low  Dcppler  frequen¬ 
cies  have  to  be  studied  and  tha  propagation  conditions  provide  barely  consistent  data 
during  the  integration  period.  In  contrast  to  the  Fast  Fourier  Transform  procedure 
used  ir.  most  compu"-'  ?s  our  Direct  Discrete  Fourier  Transform  algorithm  with  Hanning 
weighting  by  averagi rg  the  spectral  phase  function  provides  a  continuous  consistency 
check  of  the  data.  f-'g.  5  shows  that  the  complete  multi-dimensional  spectrum  analysis 
is  executed  while  the  data  are  digitized  as  quadrature  samples  of  the  Intermediate 
Frequency  (IF). 

3.  APPLICATION 

A  wide  field  of  actual  and  possible  applications  for  this  instrument  can  be  en¬ 
visioned.  The  fi'ost  system  has  been  used  to  study  the  °quatorial  spread-F  phenomenon 
in  the  ionosphere  which  heavily  affects  satellite-ground  communication  and  navigation 
up  to  several  G'  z  during  many  nights.  Similar  phenomena  are  studied  in  the  nurora 
region  of  the  ionosphere.  We  further  applied  the  D.igisonde  to  measurements  of  the  sea- 
state  of  the  oceans  by  direct  and  ionospherict’ ly  reflected  scatter  and  bistatic  radio 
propagation  experiments. 

3.1  Gravity  Waves  and  Fine  Structure  in  the  Ionosphere 

Incidence  angle  measurement  on  spectrum-analyzed  monostatic  c.nd  bistatic  pulse 
radio  signals  have  shown  that  the  structure  of  the  ionosphere  is  multidimensional. 

Only  rarely  can  the  ionosphere  be  considered  a  plane  reflector  with  an  effective  re¬ 
flecting  surface  of  the  size  and  shape  of  the  fi~st  Fresnel  zone.  In  most  cases  +he 
surface  of  constant  electron  density  is  twc-dimensionally  curved. 

Therefore  it  is  not  always  possible  to  find  an  area  of  perpendin' la- ity  but 
sometimes  more  than  one  perpendicular  area  can  be  found.  The  requirement  of  perpen- 
dicularitv  is  related  to  the  requirement  of  constant  phase  by  the  Fresnel  condition 
which  permits  coherent  integration  of  all  contributions  within  the  Fresr.el  zcr.e. 

Although  spectrum  analysis  diminishes  the  area  which  can  contribute  to  a  coher¬ 
ently  integrated  signal  it  does  simultaneously  ease  the  condition  of  perpendicularity. 
Under  the  assumption  of  an  almost  constant  drift  of  all  irregular  structure  over  the 
surface  of  constant  electron  density  Lhe  spectrum  analysis  cu"-s  out  a  band  from  this 
surface.  The  width  of  the  band  is  determined  by  the  drift  speed  and  by  the  spectral 
resolution  to  comprise  all  reflectio*  points  with  the  same  Doppler  frequency.  The 
length  of  the  band  is  given  by  the  Fresnel  condition  and  is  only  extensive  if  the  sur¬ 
face  is  perpendicular  at  least  in  the  direction  alorg  the  band  (which  is  oriented  per¬ 
pendicular  to  the  drift  velocity). 
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But  the  perpendicularity  requirement  across  the  band  is  substantially  relaxed 
because  a  change  by  one -half  wavelength  in  phase  path  can  be  admitted  for  the  width  of 
the  reflecting  surface  band  if  the  roughness  of  the  Turfuce  is  sufficient  to  produce 
specular  reflection.  Under  reasonable  assumptions  of  drift  speed  and  3g'ctral  resolu¬ 
tion  the  reflecting  surface  band  has  a  width  in  the  order  cf  SCO  m  (for  E-region 
heights)  which  permits  coherent  addition  of  refer  s  from  all  points  of  the  surface  it 
the  inclination  of  the  surface  is  less  than  6°  at  3  MKz  prooine  frpoMon-y,  Similar 
deviations  from  perpendicularity  are  permitted  in  the  r-region  since  some  of  the 
changes  in  parameters  compensate  each  other. 

This  Doppler-induced  quasi-perpendicuiarity  condition  makes  a  large  part  of  .he 
constant  electron  density  surface  visible  simultaneously  and  permits  determination  of 
its  three-dimensional  structure  and  motion  ax  least  in  <.he  time  ser.ucnce  of  the  "skv 
maps"  which  indicate  che  locations  of  all  the  reflection  areas  for  all  Doppler  fre¬ 
quencies  present  at  the  sampling  time  (fig.  6). 

In  transionospheric  transmissions  from  satellites  and  reflections  from  targets 
fading,  scintillation  and  positioning  errors  are  caused  by  multimode  propagation. 
Although  the  spacing  of  the  different  propagation  paths  13  small  compared  with  those 
of  the  vertical  or  oblique  reflection  ce-.e,  effects  of  the  multimode  propagation 
might  become  important  since  higher  accurocy  for  the  incidence  angle  determination  is 
required.  Net.  always  does  the  higher  operation  frequency  compensate  fc-*’  the  more 
stringent  accuracy  requirements.  Therefore  a  good  three-dimensional  model  is  necessary 
fer  the  correction  of  incidence  angle  errors.  It  ■  an  be  produced  by  either  multi¬ 
antenna  complex  spectral  analysis  of  known  satellite  signals  or  by  extrapolation  from 
vertical  sounding  experiments  not  too  f^.r  (<500  km)  from  the  subionospheric  point  of 
the  expected  s.-tellite  propagation  path. 

3.?  Sea-Surface  Waves 

In  March  1 9 " 3  a  Digisonde  was  used  for  the  radio  Doppler  probing  of  the  ocean 
surface  in  F.glin,  Florida  (Fig.  7).  At  a  radio  frequency  around  6  Ml! a  the  e..ergy  scat¬ 
tered  back  showed  Doppler  offsets  of  10.75  Hz.  These  observations  are  in  good  agree¬ 
ment  with  the  theoretically  predicted  Bragg  scatter  lines,  but  show  many  additional 
features  and  unexpected  events.  Nevertheless  even  the  motion  of  the  water  parallel  to 
the  wave  motion  can  be  resolved. 


6  3.3  Future  Aoplications 

The  precision  of  the  digital  direct  frequency  synthesis,  and  the  large  antenna 
^  array  permit  accurate  angular  measurements  for  radio-interferometrv  in  "he  frequency 

|;  range  of  70  to  40  M*!z.  Solar,  planetary  and  galactic  sources  can  be  studied  with  this 

|  system.  A  combined  acoustic-electromagnetic  sounding  of  the  non-ionized  atmosphere  is 

very  promising.  Acoustic  scanning  in  medical  and  material  research  requires  only  little 
pi  modification.  Seaming  of  the  sea-bottom  (after  conversion  to  acoustical  waves)  and 

&  underground  radio  communication  and  structure  research  shojld  also  be  possible  with 

g  this  system. 


Wc  are  developing  a  prototype  for  a  topside  digital  ion.  onde  with  very  low  out¬ 
put  data  rate  (3C0  biis/sec).  Such  a  system  can  also  be  used  a  unmanned  station  or 
an  island  or  a  buoy  in  the  ocean,  on-board  of  a  ship  or  in  the  arctic  or  antarctic. 

This  sounder  will  broadcast  the  significant  information  of  the  preceding,  ionogram  dur¬ 
ing  the  following  ionogram  to  another  Digisonde  station  in  a  dirtance  of  up  to  30 JO  km 
fox-  remote  recording  via  an  ionospheric  propagation  path  (K.  Bibl  and  B.  W.  Reipisch, 
197$).  This  method  has  the  advantage  that  the  ionospheric  conditions  at  the  location 
of  the  ionospheric  reflection  can  be  monitored  simultaneously.  Data  from  revera)  sta¬ 
tions  can  be  recorded  simultaneously.  Such  a  system  can  fox'm  an  emergency  radio  propa¬ 
gation  p  ediction  network  in  case  tnat  satellite  communication  is  interrupted.  But  fox'" 
normal  conditions  simpler  and  more  reliable  satellite  links  can  be  used  for  collecting, 
the  low  rate  data  from  remote  unmanned  Digisonde  stations. 
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NEW  TECHNOLOGY  TO  IMPROVE  HF  CIRCUIT  RELIABILITY  AND 
AVAILABILITY  FOR  REMOTE  REGIONS 


J.S.  Belrose  and  L.R.  Bode 
Communications  Research  Centre 
Department  of  Communications 
Ottawa,  Ontario 


ABSTRACT 

New  technology  offers  several  approacI.es  and  opens  the  door  to  the  development  of  improved  HF-SSB 
radio  communication  systems.  These  can  range  from  simple  improvements,  employing  new  equipment  and  tech¬ 
niques,  to  sophisticated  integrated  systems  employing  microprocessor  technology  to  reduce  operator  work¬ 
load  through  increased  automation.  The  concept  of  an  HF  system  with  automatic  connectivity  to  other  radio 
systems,  to  private  lines  or  to  the  switched  public  telephone  system  is  an  important  feature  of  these  new 
developments.-  Selective  calling  relieves  the  user  of  the  need  for  radio  listening  skills  and  the  fatigue 
caused  by  the  manual  monitoring  of  HF  channels  ..  ,.  in  addition  it  improves  HF  circuit  reliability  and 
extends  circuit  availability  to  24  hours  pei  day,  for  emergency  use.  This  paper  w^ll  describe  R&D  under¬ 
way  at  the  Communications  Research  Centre,  Ottawa,  and  in  Ca  .adian  Industry. 


1.;  INTRODUCTION 


High  Frequency  (HF)  radio  communications  has  been  used  for  decades  to  provide  economical,  easily 
transportable  non-line-of-sight  communications.  While  there  is  an  increasing  trend  away  from  HF  to  the 
higher  frequency  bands  and  to  satellite  communications  because  of  increasing  demand  for  higher  information 
rates  and  message  reliability,  there  are  still  important  applications  in  which  HF  is  expected  to  remain  the 
principle  communications  technique  for  the  foreseeable  future.  Some  of  these  are:  communications  between 
naval  vessels  and  between  naval  vessels  and  shore-based  commanders;  aircraft  to  ground  communications;  NATO 
military  exercises,  communications  in  remote  and  northern  regions  of  the  world;  and  important  domestic 
communications  in  developing  countries,  where  HF  continues  to  provide  a  good  service,  and  more  important, 

HF  communications  is  cost-effective  for  the  low  information  rate  and  reliability  required..  In  fact  with 
today's  emphasis  on  mobile  self-contained  independent  point-to-point  communications,  HF  communications  is 
more  essential  than  before.  The  IEE  Conference  on  Recent  Advances  m  HF  Communication  Systems  and  Tech¬ 
niques,  held  in  London,  27-28  February,  1979  made  this  fact  clear  (c.f  Ref.  1,  2). 

A  fundamental  problem  with  HF  communication  links  is  that  the  radio  channel  is  inherently  variable, 
due  to  propagation  vagaries  and  nois  ‘  and  interference,  so  much  so  that  a  particular  frequency  (or  channel) 
may  deteriorate  during  the  period  of  sending  the  message,  from  being  very  good  to  useless.  In  general, 
these  changes  are  only  partly  predictable.  Users  normally  attempt  to  reduce  the  extent  of  fluctuations  by 
adapting  the  operation  of  the  transmitting  and  receiving  equipments  to  varying  channel  conditions.- 
Efficient  adaptation  requires  flexible  equipment  and  reliable  and  up-to-the-minute  information  on  the  cause 
of  the  degradation.;  Traditionally,  HF  links  have  been  controlled  by  experienced  radio  operators.  Unfor¬ 
tunately,  the  operator  does  not  necessarily  have  adequate  information  for  efficient  control,  but  relies 
heavily  on  experience  and  subjecf’ve  assessment  of  channel  quality..  Also  the  user  is  not  necessarily  able 
to  make  these  decisions,  nor  should  there  be  a  need  for  him  to  do  so  (Ref.,  3).- 

New  technology  offers  several  approaches  and  opens  the  door  to  the  development  of  improved  sy: terns, 
which  can  range  from  simple  to  very  complex  systems  employing  microprocessor  technology  to  reduce  operator 
workload  through  increased  communications  automation.-  The  concept  of  an  HF  system  with  automatic  connec¬ 
tivity  to  other  radio  systems,  to  private  lines  or  to  the  switched  public  telephone  system  is  an  important 
feature  of  such  systems,  since  selective  calling  relieves  the  user  of  the  need  for  radio  listening  skills 
and  the  fatigue  caused  by  continuous  manual  monitoring  of  HF  channels.  In  addition,  for  communications 
from  northern  and  remote  regions,  wnere  conventionally  a  .adio  operator  monitors  only  during  certan  hours 
of  the  day,  selective  calling,  without  the  assistance  of  a  radio  operator,  means  that  the  HF  communications 
link  is  potentially  available  24-hours  a  day  for  emergency  use.  Selective  calling  is  particularly  impor¬ 
tant  when  a  mobile  unit  is  operating  with  low  battery  powered  equipment,  so  that  the  operator  does  not 
waste  time  and  battery  power  uselessly  calling  when  propagation  over  the  link  is  disrupted.  The  user  will 
know  instantly  that  the  channel  is  available  or  not  available,  and  if  not,  lie  will  call  later  when  propaga¬ 
tion  conditions  may  have  improved. 

Direct  automatic  access  to  the  switched  public  telephone  system  from  poi table  or  mobile  radio 
transceivers  is  not  new.-  Radio  amateurs  have  been  operating  VHF  autopatch  lepeaters  for  a  number  of  vears 
and  sophisticated  systems  are  being  evaluated  currently  for  general  public  avail:,  mobile  radio  telephones 
-.’ill  probably  utilize  short  range  UHF  radio  frequencies  employing  a  cellular  type  of  communication  svstc 
(Ref.  4).,  While  Industry  and  in  our  interest  Canadian  Industry  was  responding  to  the  anticipated  require¬ 
ments  for  repeater-autopatch  or  radio  telephone  interconnect  (RTI)  for  FM  radio  systems  operating  ;  VHF 
and  UHF  frequencies.  Communications  Researcli  Centre  researchers  saw  a  need  for  system  studies  and  hard¬ 
ware  development  for  systems  employing  HF-SSB  suppressed  Carrie--  radio  equipment,  .ot  only  for  the  signal 
and  control  interface  elements  of  the  system,  but  also  for  a  new  kind  of  ItF-SSB  transceiver..  The  CRC  has 
been  engaged  for  some  4  years  now  in  two  projects  that  involve  the  development  of  row,  improved  and  auto¬ 
mated  HF  radio-telephone  technology  U)  a  ra'her  sophisticated  system  intended  to  provide  basic  tele¬ 
phone  and  message  service  to  small  communities  m  the  nortnern  regions  of  Canada;  and  (2)  system  whim 
could  be  integrated  with  the  first,  or  operated  as  a  completely  separatv  system,  aimed  at  providing 
improved  communications  from  the  trail  and  from  remote  ..amps  m  northern  and  remote  regions.  The  need 
foi  this  latter  communications  requirement  arose  from  a  brief  presented  to  the  Federal  Government,  bv  th. 
Northern  Quebec  Inuit  Association  in  October,  1 97m ,  and  it  has  led  to  the  installation  of  a  prototype 
system  at  Koartak  on  the  northwest  tip  of  Ungava  Bay  in  Northern  Quebec..  This  paper  will  comment  on 
features  and  results  of  this  project,  and  ten  research  and  development  presentlv  being  oone  at  CR(  and 
in  Canadian  Industry. 
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2. -  TkA lb -REMOTE  CAMP  RADIO 

COMMUNICATIONS:  A  SYSTEMS  APPROACH 

HF-HS8  trail  radios  have  been  used  bv  Northern  people  for  several  vears  now,  tor  commumoat  ions 
from  remote  camps  to  their  home  base  contain  1 1 y Battery  operated  10  watt  PEP  transceivers  are  employed., 
using  either  the  Spilsburc  Communlcat ior«  SBX-11A  or  the  Marconi  <'P3i,-  Sometimes  t.ese  t  olios  are  used 
with  short  whip  antennas,  which  at  frequencies  cf  3-a  MHz,  have  t”pical  radiation  efficiencies  of  -20  Jfid 
(dB  With  respect  to  a  dipole);'  consequently,  comr.,.ml  cat  ions  is  poor  since  negligible  power  is  radiated  and  th 
launch  angle  Is  not  suitable  for  short  ro  medium  distance  links.  Furthermore,  c. ..»m:nieat  ions  is  between 
the  portable  unit  and  a  similar,  or  higher  p,.wer  b  «e  station  lndio-telephonc.,  That  is,  a.i  operator  in 
the  community  must  listen  lor  a  call  from  the  re-ioi  ••  tamp.  It  seemed  that  there  was  a  need  for  improvi  - 
ment,  not  only  to  the  radio  equipment,  a..J  the  .ts 'dated  component  elements  such  as  antennas,  hat  to  •‘(os, 
etc.,  but  also  to  the  whole  sy-'Cem  c  incept. 

Because  jf  the  success  achieved  with  VHF  transceivers  operating  through  a  remote  lepeatet  in  land- 
mobile  comounicj  tioii,  in  cities,  and  the  experience  of  radio  amateurs  who  employ  lepcaters  lor  coaunutiii  at  ions 
Between  mobiles  and  from  distant  locations,  such  is  hunting  and  fishing  c..mns,  etc.,  VHF-FM  repeatci  sys¬ 
tems  seemed  to  be  a  good  spur  ach  for  trail  radio.-  Community  VHF  radios  were  set  up  In  peoples’  houses. 

In  placet  wh  ire  they  worked,  e.c.  for  communlcat.  ions  through  a  remote  reoeater.  with  VHF  portables  operated 
on  the  trail  and  from  remote  craps  '.Rtf.  5)  The  ii-mmunicatiens  -equirement  however  was  for  portable  com¬ 
munications  from  distances  greater  than  could  he  t«  idled  bv  VHF  equipment,  even  when  these  were  operated 
through  a  remote  repeater  which  greatlv  emended  their  range,  to  •' 0-100  km.-  Hf-SSB  transceivers  would 
still  be  needed  for  communications  at  the  greater  dist  mces,  60-  ‘oO  kre.  HF  radio  telephones  should, 
therefore,  be  a  part  of  the  communications  system,  and  the  VHF  community  radio  should  Be*  able  to  hear  .< 
call  from  the  rtall  or  from  a  renw.ee  camp  whether  the  call  originates  l  rom  an  HF  or  VltF  portable. 

A  communication*  ."outem  was  designe  and  developed,  employing  tone'  signalling  tor  access,  and 
installed  in  September  14/7  at  Foartak  in  Northern  Quebec  for  use  in  a  pilot  project  bv  northern  people 
for  their  own  natural  communication  needs.  The  svstem  operation  is  illustrated  in  Figures  1  and  2.  In 
Figure  1,  communication  is  vir  VHF,  from  a  VI*F  portable  unit  to  a  VHF  community  '  adio  employing  .:  remote 
battery  operated  repeater,  Constunications  between  an  HF  portable  unit  and  a  VHF  comir, unite  radio  is 
illustrated  in  Figure  2.  The  Hb  poet. .hie  unit  must  ’'access"  the  s 'stem,  bv  tone  signalling.  When  he 
calls  his  signal  is  received  bv  rhe  HF  base  station  receiver,  relayed  bv  a  I'HF  link  to  the  remote  VHF 
repeater,  so  the  community  VHF  ladlo  hears  the  call  even  though  it  originated  from  an  HF  portable.-  An 
important  ieature  of  the  svstem,  was  that  it  had  to  be  initially  accessed  bv  sending  a  dual-cone-mult i- 
frequenev  (DTMF)  burst  over  the  link.  If  this  signal  weiecorrectlv  received  hv  -he  base  station  receiver- 
decoder,  a  1  second  tone  hurst  was  sent  back  ever  the  link  bv  the  base  station  ttansmitter,  so  that  the 
mobile  knew  he  had  achieved  interconnect.  He  could  therefore  press  his  microphone  button  and  call. 

The  communication  svs.em  described  above  i-.  an  all  radio  one,  and  since  no  base  station  radio 
operator  is  involv ’u,  it  is  potentially  available  '4  hours  per  dav.  With  the  deployment  of  ..  number  of 
VHF  community  radios  in  peoples’  houses,  instead  of  one  radio  under  operator  control,  thote  is  l,ss 
chance  of  an  emergency  call  going  unheard.-  Clour  iv,  since  tone  signalling  is  emplowd  ns  an  lniopinl 
part  of  the  svstem,  with  appropriate  design,  it  could  no  possible  lor  the  mobile  to  call  his  home  dlieet’.v, 
through  a  radio  link  interconnection  to  the  community  telephone  svstem.  Some  of  these  Ideas,  and  various 
hardware  developments  through  contract  with  Canadian  Industry  are  described  below.- 

3 ,  SllB-Sl STEM  CHARACTERISTICS 

3. 1  Antennas  for  Base  Station  and  Ini!  Use 

Various  antennas  wer  ■  considered  fot  use  at  the  111'  base  station,  in  remote  camps  and  on  I  ho  trail:- 
such  as  the  horizontal  dipole,  the  inverted-V,  various  torms  ot  full-wave  delta-loops,-  a  liotiront.il  full- 
wave  quad-loep  and,  for  trail  radio  application,  shot  t  centre-loaded  whips.-  The  tequiiosu  nt  s  lor  the 
antenna  system  were:  nigh  angle  radiation  (lor  short  distance  commit) ic.it ions! ;  adaptability  lot  multi- 
trequenev  operation;'  non-directiona’ itv  in  the  azimuthal  plane,  inexpensive;  and.  in  pari  Kul.ir,  .  t 
portable  use,  the  antenna  had  to  be  lightweight  and  easily  erect  able. 

The  inverted-V  dipole  antenna  was  the  i.,lennu  type  that  best  mot  th»so  various  requirements. 
Essentially,  it  is  a  half-wave  dipole  antenna  with  drooping  ends  mounted  on  a  single  centte  support  mast.- 
Tne  ends  of  the  dipole  arc  attached  by  ’insulated  -able  to  anchors  at  ground  level  on  opposite  sides  ot  the 
roast  ic.f.-  the  sketch-  in  Figure  3).  While  this  antenna  is  ver\  popular  with  radio  amateurs.-  u  seems  to 
have  had  limited,  it  any,  use  In  commercial  appl  ic.it  ions.- 

As  is  ev’dont  in  Figuies  3  aad  the  important  parnmeters  are  the  height  m  towel  (meisutod  ip 
fractions  of  a  wavelength),  and  th"  included  angle  A  1  degrees )  between  t  lie  dipole  arms.-  C-by  ton : !  V ,  jf 
A  *  180°,  the  inverted-V  becomes  a  horizontal  dipole,  and  for  A  _  we  have  a  very  inefficient  ludiaiov. 

For  antenna  mast  heights,  h,  ol  0. i  -  0.231  the  input  impedance  of  the  inverted-V  is  about  SO  ohms,  and 
a  lesonant  antenna  can  theretorc  be  ted  dlre,tlv  with  SO  ohm  coaxial  cable.  Hovevei  ,  it  is  necess.nv  to 
utilize  a  1:1  b„iun  transfirmer  for  unbalanced  to  bal  lr.ced  impedance  tianstormat  ton 

The  antenna  radiates  verv  wel!  it  high  elevation  angles,  and  'lie  azimuthal  response  oi  the  an'enna 
for  communications  is  essentially  non-u  ireolion.il  as  will  oe  described  below.  The  various  .  ui  ves  in 
Figure  3  show  the  vertical  po’ar  diagrams  In  the  equatorial  and  meridian  planes  ttlie  plane  broadside  to  the 
antenna  and  the  plane  containing  the  dipole)  as  measuied  at  a  scale  model  fiequencv  ot  200  MHz  on  an  antenna 
pattern  range.  The  radial  scale  is  linear  in  field-strength.  The  inverted-V  radiates  a  hoi izontal 1 v 
polarized  signal  in  the  plane  at  a  right  angle  to  the  dipole,  and  a  vertical Iv  polailzed  signal  in  the  plane 
in  line  wttu  the  dipole.  The  azlmutlial  patterns  (i.ot  shown)  are  tvpiial  figure-8  patterns,  which,  natural  1\, 
ai;  orthogonal1!  directed  for  the  two  polarizations  Thus,  or.  tiansmlt,  the  antenna  radiates  cither  hori¬ 
zontal  or  vertical  polartzat ion,  dependent  on  direction  of  propagation,  on  receive  the  down-coming  skv-wavo 
at  middle  to  high  latitudes  is  circularly  or  ellipllcallv  polarized,  and  ro  the  wave  couples  well  1  ito  th» 
receive  antenna  regardless  of  its  orientation.- 
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Other  advantages  of  the  lnverted-V  are:'  several  antennas  ran  be  fed  in  parallel,  with  little  inter¬ 
action  if  the  frequencies  are  non-harraonically  related.-  If  two  frequencies  are  used,  the  antennas  should  be 
arranged  orthogonal  to  each  other;  for  more  than  tw>>:  'requencles,  the  antennas  would  be  arranged  symmetrically 
about  the  supporting  mast. 

For  tortable  application,  a  sectional  ttipod  arrangement  consisting  of  a  bundle  of  1.8  meter  lengths 
of  2.54  cr  diameter  aluminum  tubing  for  the  centre  support  was  devised  (see  Figr.-  5  and  b).  Ihe  height  of 
the  centre  support  cou’.d  be  1.8  meters  or  5.5  metres.  When  elevated  at  Its  centre  to  a  height 
of  only  1.8  meters  above  poorly  conducting  arctic  terrain,  the  inverted-V  dipole  antenna  was  found  to  provide 
usable  communications  over  paths  up  to  a  few  hundred  kilometers  with  10  watt  PEP  transceivers.  Fot  portable 
use,  the  antenna  is  wound  on  bobbins  and  the  user  unrolls  the  correct  resonant  length  to  a  coloured  marker 
on  the  wire  cor respor ding  to  the  channel  maiker  on  his  radio  (see  Figure  8) 

A  final  comment:-  the  elevation  pattern  for  vertical  polar iza* ion  (in  the  plane  containing  the 
inverted-V)  is  very  sensitive  to  anv  unbalance  in  the  dipole,  cspeciall"  if  the  tower  height  Is  near  to'  a 
resonant  height  of  X/9,  which  is  tvpical  for  installations  employing  frequencies  near  the  lower  ead  ot  the 
HF  band.;  Any  unbalance  in  the  dipole  results  in  currents  flowing  in  the  tower,  or  in  the  sheath  of  the 
coaxial  feeder-cable,  which  results  in  the  pattern  being  non-svmmet rica' ,  c.f.  Figure  4(b),  curve  1.-  A 
balun  was  used  for  the  model  measurements,  however  a  balanced  feed  was  apparently  not  exactly  achieved.  The 
diagrams  in  Figure  3(b)  heve  been  corrected  for  this  unbalance.-  The  ripple  on  the  patterns  in  Figure  i  are 
due  to  a  range  imperfect loi .  Patterns  were  not  measured  for  h/\  '  0.25,  since  for  the  intended  application 
(short  to  medium  distance  communicat ions)  the  resulting  polar  diagrams  would  be  unsatisfactory. 

3. 2  HF-SSB  Transceiver 

A  new  HF-SSB  transceiver  is  being  developed  as  an  offshoot  of  the  trail  remote  camp  radio  project.. 
Special  features  of  the  transceiver  are:  (1)  modular  construction  so  the  10  or  20  vatt  trail  radio  can  be 
attached  to  a  battery  pack  at  the  roar  of  the  radio  rer  portable  use,  or  a  100  watt  linear  amplifier  for  use 
ii.  camp  plugs  In  place  of  the  batterv  pack;  (2)  digital  channel  control  is  utilized,  so  that  the  100  watt 
linear  can  be  attached  without  motors  or  switch  extensions;'  (3)  automatic'  load  control;  i.e.,  the  transmitter 
drive  adjusts  to  mismatched  antc-nn  is  and  avoids  distortion;  (4)  Speech  processing  for  increased  talk-power 
that  works  automatically  on  louder  speech  (the  transmitter  opetates  as  a  linear  ampllfiei  on  low  level 
voice);'  (5)  simplif'ed  channel  programming,  no  wires  to  solder  or  filters  to  tune;  (b)  built-in  voice 
operated  squaleh;  (/)  noise  suppression  to  combat  ignition  interference;  (8)  protection  against  over-voltage 
or  reverse  polarity-  power  3upply;'  and  (9)  insulated  crystal  oven  for  reduced  power  consumption  on  the  proto¬ 
type  transceivet .,  Development  work  on  a  temperature  compensated  crvst.il  oscillator,  with  channel  crystal 
derived  frequencies  locked  to  the  master  oscillator  or  synthesized  from  It  is  under  development,  since  a 
crvstal  oven  is  not  power  conservative  for  battery  operated  equipment. 

The  prototype  trail-remote  radio  is  still  undei  development ,  however  the  contractor,  Spilsburv 
Co’-municat ions,  Vancouver,  has  developed  a  new  seiies  ol  SSB  rrameivers  for  the  domestic  and  expori  maiket 
utilizing  technology  acquired  as  a  result  of  their  work  an  the  trail  radio  transceiver.  This  will  a 
100  watt  PEP  transceiver,  designed  for  laud-mobile  and  land-fixed  use,  operating  from  a  12  volt  veh-.le 
battery  (or  equivalent).;  A  photograph  of  the  new  transceiver  (Spilsburv  Cammuni  cal  ions  Model  SBX-100) 
is  shown  In  Figure  9< 

3.3  SSB  Tone  Decoder 

The  problem  with  using  tone  signalling  on  SSB  with  supptessed  carrier  has  been  that  during  detection, 
the  audio  frequencies  are  shifted  if  there  Is  anv  difference  between  the  transmitter  carrier  frequency  and 
the  receiver  local  oscillator  frequency’.-  A  consent  tonal  tone  signalling  system  would  require  ...  wide  band 
width  to  accept  this  difference,  and  would  thus  suffer  from  lack  of  reliability  and  poor  noise  immunity. 

The  SSB  tone  signalling  system  developed  bv  Challenger  Flectronics,  Vancouver,  utilizes  ,a  pilot  tone'  ni".J 
with  an  information  tone;  the  pilot  tone  is  b  db  higher  than  the-  information  tone..  If  the  audio  lon.-i  ..re 
shifted  in  frequency,  the  difference  frequency  between  the  pilot  and  information  tone  will  remain  constant 
and  mav  be  detected  in  the  convention..!  manner.-  The  pilot  tone  frequency  was  chosen  to  be  2199  Hz«  The 
various  frequencies  for  the  information  tone  for  a  12-digit  or  a  lb-digit  signaling  system  are  given  in  a 
table  in  Appendix  1.,  It  will  be  noted  that  ail  signalling  frequencies  are  x1315  11/  and  all  difference  fre¬ 
quencies  are  c885  Hz;  therefore,  a  hi-p.iss  fflt’r  ahead  of  the  decoder  reduces  noise  and  interference  at 
the  detected  frequencies.  Hie  block  dlagiam  in  Figure  10  illustrates  bow  tile  svsiem  ..peiutes.  The  audio 
output  is  first  applied  to  the  hi-pass  filter  which  removes  all  products  of  mixing  leaving  only  the  pilot 
and  information  tones.  The  compression  amplifier  assures  constant  amplitude  to  the  envelope’  detector.- 
The  resultant  signil  which  contains  the  original  tones  and  the  sum  and  dtffeienee  troquencios  is  applied 
to  the  lo-pass  filter.;  This  filter  removes  the  original  frequencies  and  the  sum  frequences  leaving  only 
the  difference  frequencies  to  be  amplified  bv  the  final  compression  amplifier.;  The  decode  is  a  conventional 
activ>  bandpass  filter  type,  with  the  time  constant  sot  at  about  250  ms  to  mi n .mi ze  falsing.  After  detection 
and  vet  i  f  i  cat  ion,  conventional  AT&T  touch-lone  digitsQy  are  regenerated  sec  the  output  tones  arc  compatible 
with  telephone  signalling  equipment.-  The  DTFIF  SSB  signaling  touoh-tono(R)  regenerator  system  developed 
for  CRC  by  Challenger  is  thefr  Mo-iei  BD-0802. 

3.4  SSB-PTMF  Mobile  Encoder 


It  was,  of  -ourse,  necessary  to  develop  a  special  mobile  tone  encode  for  use  with  this  system.- 
The  Challenger  Model  MK-0802  is  a  dual  tone  mult i-f requeue v  eiuodei,  generating  synthesized  frequencies 
in  the  range  1524  to  1878  H-,  as  well  as  the  pilot  tone  at  2I‘>9  Hz..  A  standard  TV  colour  burst  quartz 
crystal  cfrequencV  3.579545  MHz)  provides  a  stabilize  reference  tor  the  synthesized  tones.  Ine  encoder 
provides  a  frequency  stability  of  0.0011  over  the  ciper.it  ing  range  — «0l’C  to  +70',C.  The  mobile  radio 
telephone  interfaced  with  the  encoder  Is  illustrated  In  block  diagram  m  Figure  11  and  a  trail  i.uiio 
equipment  is  shown  in  Figure  12.  The  HF-SSB  radio  telephone  is  a  Spilsburv  Coramtmi cat  ions,  Vancouver, 
Type  SBX-11  a  10  watt  FF.F  pet  able  transceiver.;  The  modified  transreivei  operates  off  the  Nl-ead 
battet  ies.; 
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3 •  5  Speech  Processing 

The  amplitude  .  oopander,  known  since  tiic  1930s  but  only  recently  Bade  practical  and  economical 
(Ref.  6),  provides  some  significant  advantages.  Compressing  the  .lull'-'  signal  prior  to  tnodu’ation  to 
achieve  more  efficient  use  of  the  transmitter  power  is  widely  used  by  tadio  amateurs.  However,  by  com¬ 
pressing  only  the  amplitude  peaks,  the  backgiound  noise  increases  relative  to  the  peaks.  significant 
advantage  can  be  achieved  by  expanding  tht  compressed  audio  in  the  receiver.  Using  full  amplitude 
companding  a  12  to  15  db  improvement  in  signal-to-noise  ratio  is  possible  (Ref.-  7).  When  onlv  compression 
is  used,  the  improvement  is  not  so  dramatic,  about  6  -  8  db  improvement  (Ref..  8,  9  and  l1)).- 

The  amplitude  compander  will  improve  the  SNR,  but  only  if  the  received  signal  is  a  few  db  above 
the  noise.  When  the  signal  drops  into  the  noise,  the  expander  will  not  operate  properly,  since  there  is 
insufficient  signal  for  use  as  a  reference. 

The  prototype  trail  radio  transceiver  under  development  employs  voice  compression  on  loud  speech, 
the  more  sophisticated  system  under  development  (see  Section  5)  employs  digital  signalling  and  a  micro¬ 
processor  controlled  compander.  Radio  amateurs  are  currently  experimenting  with  amplitude  as  well  as 
frequency  companding,  employing  an  equipment  manufactured  by  Henry  Radio,  uos  Angeles,  California,  their 
VBC  Hodel  3000,  usir-  a  circuit  designed  by  Harris  and  Cleveland  (Ref.  11  and  12).  Although  initial  tests 
to  date  have  been  successful,  many  ufo  tests  by  a  large  number  of  radio  cumamni cutors  under  varying  con¬ 
ditions  are  desired,  since  only  then  will  a  su'ficient  data  base  be  established  as  to  the  usefulness  of 
the  various  systems  developed  and  proposed,  for  the  guidance  of  future  improvements. 

4.  THE  SYSTEM  CONCEPT  FOR  AUTOMATIC 

RADIO  TELEPHONE  INTERCONNECT  (RTI) 


The  block  diagram  in  Figure  13  illustrates  th<*  system  concept  for  a  prototype  system  yet  to  be 

evaluated  by  field-trial.  The  most  difficult  part  of  the  system  turned  out  to  be  the  transuit/receive 

switch  at  the  HF-SSB  base  station,  in  the  all-radio  system,  that  is  in  operational  use  at  Koartax 
(Figure  2),  the  switching  is  done  by  the  carrier  of  the  VHF  community  radio,  i.e.,  by  a  carrier  operated 
switch  (COS).  With  VMF-FM,  this  provides  reliable  switching  down  to  levels  near  to  signal  threshold. 

Our  first  idea  was  to  give  control  of  th»  switching  to  the  called  telephone  party,  alter  the 
initial  functions  of  access,  and  dialling  had  been  completed.  Tlius  when  the  called  telephone  party  picked 
up  his  phone,  his  Voice  would  activate  a  voice-operated  transmit  (VOX)  switch.  However,  the  balance’  of 
the  hybrid,  when  connected  to  act  lal  telephone  lines,  provide-1  onlv  10  -  20  db  isolation  between  the 
received  radio  signal  and  the  speech  of  the  called  telephone  party,  and  s' nee  automatic  gain  control  (2'k:i 
liad  to  be  used  to  hold  levels  constant,  this  degree  of  isol.,,  ion  was  insut  t  lcient .  Noise  and  Interference 
received  by  the  HF-SSB  base  station  receiver  actuated  the  VOX  control  which,  of  course,  made  the  sytem 
malfunction. 

Tne  svstem  currently  adopted  utilizes  dual  control,  that  is.  VOX  operation  on  the  speech  ot  the 

called  telephone  p<-rty  is  still  employed,  hut  when  tlu  mobile  speaks,  a  1  second  Di’MF  tone  burst  is  sent 

over  the  link  which  sets  a  gate,  and  when  he  finishes  speaking,  and  lets  tus  microphone  button  go.  anothet 
DTMT  tone  bu'st  is  sent  over  the  link  to  open  the  gate.-  The  moi.ile  transcelvei  therefore  has  two  modes  of 
operation.  In  one  mode  for  ordinal  i  HF  mobile  to  HF  base  station  operator  control  comeuukat  ions  or  tot 
the  initial  functions  of  access  and  dialling,  the  Tansmitter  turns  on  and  oft  utder  the  control  of  the 
microphone  button..  No  tone  signalling  is  employed,  except  those  tones  using  the  keyboard  encode*  .  Whoa 
the  mobile  is  talking  or  the  autopatch.,  he  presses  a  push-to-hold  switch  on  his  t  ransceivet ,  so  that  ea.  h 
time  he  presses  his  microphone  button  or  releases  It,  a  1  second  DTMF  tone  burst  is  transmitted.  These 
beeps  will  1 ikelv  not  he  annoying  to  the  user,  in  fact,  the  user  could  come  to  like  to  hear  them  because 
when  the  called  telephone  parti  hears  the  second  beep,  be  knows  lie  should  talk.- 

The  various  signalling  frequencies  on  the  telephone  line  provide  the  initial  control.  The  mobile 
di  . s  *  to  acre.M.  tne  system.  If  this  is  properlv  received,  the  off  hook  flip/flop  closes  the  oil  hook 
relay  in  the  voice  station  _oupler  (a  unit  supplied  by  the  telephone  company ) .  The  dial  tone  detect  cir¬ 
cuitry  det -cts  the  dial  tone,  and  *urns  on  the  HE  iiansrai t to  '  briefly,  so  when  the  roobil"  lets  go  o‘-  his 
microphone  button  ho  hears  dial  .one.  When  the'  base  station  transmitter  is  silent,  the  mobile  piesses 
bis  microphone  button  again  end  touches  out  the  telephone  number  he  wishes  to  .all.  He  lets  go  ot  his  micro¬ 
phone  button,  uepend.en.  on  the  telephone  exchange,  the  regenerated  AT&T  touch  tones  (r)  can  be  used  to  dial 

directly,  or  these  digits  are  converted  to  binarv  code  and  entered  into  a  f  lrst-in-f  lrst-out  (FIFO)  me.iK'ii,; 
and  sequentially  dialled  out  by  a  dial  pulse  converter.  It  a  successful  dialling  has  been  achieved,  a 
ringing  signal  appears  on  the  line.-  If  a  busy  signal  is  detected,  the'  svstem  hangs  itselt  up  nutom..i  n\.l lv.- 
Each  ringing  signal  turns  on  the  HF  base  station  transmitter  so  th*  mobile  can  hear  :he  phono  ringing.  ll 
after  10  rings,  there  is  no  answer  the  KT1  control  hangs  up  the  pnene  automatically  and  t everts  the  si  stem 
to  standby.  If  the  called  party  answers,  the  voice  operated  'MX  turds  on  the  transmitter  and  the  mobile 
hears  him  speaking.  Operation  continues  as  described  above,  and  when  complete,  the  mobile  sends  the' digit  # 
which  hangs  up  the  phone.-  If  propagation  conditions  change  before  he  hangs  up  1  lie'  phone  and  he  is  unable 

to  do  so,  the  dial  tone  .nich  .inpears  on  the  line  30  seconds  alter  the  called  parti-  has  hung  up  is  detected 

and  used  to  perform  the  automatic  hang  up  and  reset  to  standby  operation. 

Tlu:  prototype  svstem  is  currently  under  evaluation  bv  field  ttial.  It  Ins  been  designed  to  demon¬ 
strate  the  feasibility  of  RTI  from  an  HF-SCB  mobile  radio  telephone  An  operational  svstem  would  lequite 
further  development  and  refinement,  to  Incorporate  user  i.ient  .  flea '  Ion,  etc'. 

5.-  A  DIGITAL  HF  RADIO  TELEPHONE  SYSTEM: 

ONE  OF  CREATEP  SOPHISTICATION 


The  HF  raJio  telephone  system  described  in  some  deiail  above  is  basically  a  verv  simple  one.- 
Manual  channel  selection  's  employed,  analogue  tone  signalling  is  utilized,  and  speech  prooessirg  while 
employed  is  simply  amplitude  compression.  Also  supervisory  fui  ct ions  as  requited  bv  'ho  telephone  company , 
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such  as  user  identification,  etc.  was  not  a  part  of  the  development.-  This  was  because  telephone  compatible 
system  studies,  and  a  more  sophisticated  system  was  under  development,  as  a  separate  project.-  This  system 
will  employ  digital  signalling.  The  heart  of  it  is  the  controller/ir.terface  unH  (Clt'l  that  provides  the 
means  of  interfacing  an  HF-SSB  simplex  radio  link  to  the  telephr-i  etwork  without  the  a’d  of  an  operator. 
The  Interface  unit  monitors  the  operational  status  of  the  rauio  >v><pment  and  the  associated  loop  from  the 
switchbeard  or  telephone  set.-  It  generates  and  receives  supeiv  si  - v  signalling  such  as  dial  tones  or  busv 
signals,  and  ensures  that  the  calling  and  destination  subscribers  also  receive  the  appropriate  signals  in 
the  course  of  setting  up  a  call.  Most  importantly  it  automatically  tests  and  evaluates  the  available 
frequency  channels  to  determine  the  optimum  channel  tor  use  in  that  link  at  that  moment.-  The  contioller 
employs  a  microprocessor  to  implement  the  necessary  control  tunctions,  so  that  the  system  software  can  be 
tailored  to  suit  the  requirements  of  a  particular  user. 

The  system  also  will  utilize  synchronized  compression  and  expansion  (Syncompex)  of  speech,  to 
greatly  improve  the  quality  of  sped  h  obtained  over  a  Hl-SSB  radio  link.  Syncompex  operates  like  hineompex, 
except  that  digital  signalling  rather  than  analogue  signalling  is  employed.  Since  the  control  interface 
unit  is  digital,  It  is  clear  that  a  digital  data  link  is  required,  and  a  digital  control  channel,  which 
will  accompany  the  voice  transmissions  is  provided  thereby  linking  the  speech  compressor  in  the  transmitter 
to  the  complementary  expander  in  the  recei”er.  Selective  fading  duo  to  multipath  propagation  characterist ic 
of  short  range  HF  propagation  haf  been  found  to  be  a  problem  with  an  earlv  prototype  for  the  Syncompex  voice 
processor,  but  this  has  been  overcome  by  employing  inhand  frequ-nev  diversity  (Chow,  private  communications) 

A  new  HF-SSB  transceiver  rated  at  tOO  watts  CW  has  been  develop'd  under  this  project,  bv  Nautical 
Electronic  Laboratories  (Nautol),  Hackett's  Cove,  Nova  Scotia,  Model  NXH100TR.  Features  of  this  transceiver 
include  all  solid-state’  construction  with  redundant  circuitry  ti  olfer  extended  mean  time  between  failures.- 
In  the  power  amplifiei  stage,  a  tree  network  of  solid-state  amplifiers  and  power  combiners  is  employed  to 
offer  the  feature  of  graceful  degradation.  If  a  power  amplifier  component  fails,  the  remaining  components 
can  continue  to  operate  with  only  a  proportional  reduction  in  output  power.  Other  t natures  of  the  Nautol 
transceiver  include  crystal  stabilized,  channelized,  frequency  agile  tuning  for  tapld  channel  changes  ind 
digital  control.. 

The  Sptlsbur.,'  SBX-100  is  intended  tor  use  in  motor  vehicles,  trucks,  tractors,  snowmooiles  as  well 
as  base  camps,  watch  towers  and  remote  sites;  and,  although  It  can  be  interchanged  as  a  mobile  or  base 
station,  the  Nautel  NXH100TR  is  designed  foi  base  station  use,  where  reliable  communication  is  required, 
and  the  additional  cost  of  the  sophistication  provided  can  be  afforded. 


6.-  CONCLUSIONS 


The  concept  of  an  HF-SSB  lomrauni cat  Ions  system  with  automatic  interconnectivitv  is  feasible,  and 
offers  a  decided  advantage,  for  the  untrained  user  as  well  as  time  s..ving  features  ter  the  experienced 
operator.  The  application  of  this  feature  to  HF  equipment  under  microproi essor  control  offers  new  dimen¬ 
sions  to  HF  comnunlrat ions,  and  provides  a  basis  of  further  advancement  in  automated  and  adaptive  HF  tadlo 
systems.-  This  paper  has  described  some  research  and  development  that  has  been  ai.i  Is  being  done  -it  CRC 
and  through  collaboration  with  Canadian  Industry.-  The  molular  concept  which  allows  the  HF  system  to  be 
optimized  for  the  particular  application  and  the  system  eomploxit'  and  cost  desi.ed  bv  the  cus.omer  is  an 
important  feature  of  today's  radio  equipment  .- 
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FIGURE  4.  Measured  vertical  plane  polar  diagrams 
for  inverted-V  dipole  antennas  measured 
in  two  orthogonal  planes  and  polariza- 
tiont ,  for  two  heights  of  supporting 
tower. 


FIGURES  5  tnd  6.  Photographs  showing  preparation  and 

erection  by  Inr.lt  people  of  a  portable 
inverted-V  dipole  antenna. 


FICURE  10.  Block  diagram  Illustrating  the 
principle  of  for  GSn 

tone  signalling  decoder. 
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FIGURE  11.  Block  diagram  illustrating 

an  HF  transceiver  interfaced 
with  a  DTKF  encoder. 
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FIGU^e.  1  .* Photograph  showing  a  portable 

trail  radio  (Spilsbury  Type  SBX-11), 
a  SSB-OfMF  encoder  (Challenger 
Model  ME-0802  ,  Ni-Cad  batteries  and 
tarrying  case  for  transceiver  and 
batteries.' 
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FIGURE  U.  Block  diagram  illustrating 
the  ptinciple  of  operation 
for  an  HF  base  station  radio 
telephone  Interconnect  system 
(prototype  presently  being 
evaluated  by  field  trial). 
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DISCUSSION 


ER.  Schmerling,  US 

How  is  the  problem  of  frequency  management  handled?  First,  operating  frequencies  must  be  chosen  depending 
on  ionospheric  conditions:  second,  the  selected  frequency  must  avoid  interference  with  neighboring  systems. 

Author's  Reply 

In  the  simple  systems  I  have  described,  channel  evaluation  is  carried  out  on  assigned  frequencies,  or  channels,  so 
interference  is  no  different  from  normal  channel  usage  in  fact  interference  will  probably  be  less  since  automatic 
channel  selectior.  takes  less  time  than  manual  channel  selection. 


N.C.  Gerson,  US 

For  the  relative’y  short  distances  involved,  could  you  not  use  a  horizontal  whip? 

Author's  Reply 

Yes,  bu*  for  reasons  given  in  the  paper  the  inverted-V  was  chosen. 
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University  of  Sutrey 
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Erg ’.and 


SlfMKARY 


The  communications  efficiency  of  electrically  short  h.f.  aerials  in  a  :aitica]  field  envi-onment  remains 
unacceptably  poor.  This  paper  describes  some  of  the  results  Irom  a  1  ;e-.h ,  detailed,  practical  study  of 
the  problem,  performed  at  fuii-scale  and  discusses  the  effect  on  the  aeria1  performance  of  several  factors 
shown  by  the  experiments  to  be  important  but  not  previously  suffioi-n- lv  recognised. 

1.  INTRODUCTION 


The  theoretical  base  radiation  resistance  and  reactance  of  a  vertical  radiator  over  an  infinite  and 
perfectly  conducting  ground  are  well  known  (SMITH  CJ947)  and  are  illustrated,  for  the  case  of  asm  whip 
aerial,  in  figures  1  and  2.  This  paper  is  concerned  with  the  behaviour  ot  such  a  whip  aerial  at  frequencies 
below  the  electrical  quarter-wave  where  the  radiation  resistance  is  decreasing  rapidly  and  the  reactance  is 
increasing  at  a  corresponding  late  as  aerial  is  shortened.- 

In  order  to  radiate  power  ’f fectively ,  the  aerial  impedance  mst  be  ’tuned*  and  ’matched’  to  that  of  the 
source  by  means  of  a  conjugate  reactance  and  transformer..  Although  the  theoretical  oistant  radiated  gro„nd- 
wave  field  intensity  induced  by  a  vertical  aerial  of  infinitesimal  height  is  oniy  4-25Z  less  than  that 
induced  by  a  */4  aerial  radiating  the  same  power  in  a  lossless  system  (BROUN  G.1937)  shown  in  figure  3,  in 
a  real  environment  the  unavoidable  losses  assoc'ated  with  the  impedance  matching  device  and  an  imperfect 
gro1  itc  reduces  performance  drastically  (figure  4).  In  small  h.f.  aerial  systems  of  this  type  the  dominant 
lo“s  mechanism  is  generally  associated  with  the  imperfect  nature  of  the  groundplane.  Figmc  4  also 
illustrates  the  diminishing  effect  of  a  fixed  grounu  loss  as  the  aerial  approaches  quarterwave  resonance.. 

The  characteristics  of  large.-  complex  ground  systems  have  been  studieu  in  some  detail  (MEISSNER  A..  1922’ 
however,  there  is  little  data  concerning  th«  performance  of  small  transportable  systems  in  field  conditions. 

2.-  MEASUREMENTS 


A  large  number  of  field  measurements  have  been  carried  out  on  a  standard  4  m  wnip  mounted  ve  tically  ovei 
vai ious  ground  systems  throughout  the  frequency  range  1  -  20  MHr ,  in  order  to  evaluate  the  eftt  -tiveness  of 
limited  sire  systems. 

In  otder  to  assess  the  performance  of  the  dificrent  systems,  it  would  ideally  be  nccessa1./  to  carry  out  a 
series  of  protracted  distant  field  intensity  comparisons  throughout  the  frequency  rouge  of  Interest.  In 
this  instance,  however,  aerial  base  inpedance  measurements  were  used  instead,  providing  a  practicable  method 
for  a  rapid  but  reliable  indication  of  relative  performance  of  a  set  of  similar  symmeHicri  aer;al  systems. 

This  practice  is  justified  later. 

The  oase  impedance  of  the  aerial  system  was  measuied  using  a  C-t  lbOoA  scries  impedance  bridge  and  a  Wayno- 
Kert  SR  268  source/de’ector. 

The  first  configuration  to  be  measured  was  simply  the  4  m  whip  mounted  over  a  short  12"  earth  spike  (1" 
diameter)  driven  1'."  into  the  ground  co-axial  ly  with  the  whip.;  The  base  resistance  and  reactance 
characteristic  are  shown  in  figures  5  and  o  and  are  much  as  anticipated.-  Altuough  the  theoretical  radiation 
resistance  continues  to  decrease  belov  5  MHr,  an  increase  Oicu.s  >'n  the  overall  resistance  indicating  a 
rising  loss  factor. 

The  giound  system  was  then  gradually  enlargened  in  order  to  investigate  the  engineering  trade-off  between 
improved  performance  and  increased  sire.  An  operational  system  must  be  simple,  physically  compact  and 
quick  to  erect  and  dismantle  -  these  criteria  generally  eliminate  buried  systems,  leaving  sheets,  wires  or 
mesh.j  o-ounted  on  or  near  the  earth. 

Since  the  return  earth  current  density  is  greatest  around  the  base  of  the  aerial  (figure?  5  a  smal’  7  ft 
diametet  16  swg  aluminium  disc  was  placed  on  the  ground  beneath  the  aerial  and  was  lound  to  give  a  slightly 
lower  resistance  characteristic  below  10  MHz,  but  again  dem-msl rated  the  rapid  increase  in  losses  at  the 
lowest  frequencies  (figure  8'.  The  addition  <  f  six  5  ft  insulated  radial  wires  lying  on  the  ground  around 
the  3  ft  disc  further  improved  the  resistance  below  10  MHz  (figure  9) 

Enlarging  the  disc  to  u  6  foot  square  sheet  reduced  the  resistance  siill  further  (figurilO)  he  mover  care 
had  to  be  exercised  with  the  measurements  if  spurious  resonances  wire  to  be  avoided  (tigure  11). :  A  six 
foot  sheet  of  metal  was  becoming  unwieldy  and  ..o  a  series  of  radial  wire  only  ground  systems  were  o..amined, 
commencing  with  aix  8  ft.-  radials.  Figure  12  shows  these  to  exhibit  a  lower  resistance  between  9-15  MHz 
but  generally  increased  below  5  MHz  when  compared  to  the  3  it  disc'  with  8  ft  radials.  The  ground 
conditions  had  changed  considerably  (very  dry  to  very  damp)  between  the  two  tests  and  may  account  for  the 
difference.  Increasing  the  radial  length  to  16  ft  made  little  general  differeme.  Figure  1 3,  and  interspersing 
the  six  8  ft  radials  in  between  the  16  ft  wires  gave  only  a  marginal  improvement  at  low  frequencies  (fignn  14).- 

Amorg«t  the  very  small  ground  systems,  it  appears  that  the  6  ft  square  aluminium  sheet  gave  the  best  perfoim- 
ance  followed  by  the  3  ft  disc  with  six  8  ft  radials.  In  some  instances  it  mav  be  piacticablo  to  extend  the 
groundplane  somewhat  further  and  so  a  series  of  larger  systems  were  investigated. 


48-2 


It  was  found  Chat  tome  improvement  below  5  MHz  could  be  gained  by  increasing  the  radial  length  to  32  ft, 
however  a  broad  peak  in  resiatance  centred  around  7  MHz  (figure  b)  occurred  whicn  appeared  to  be  independent 
of  the  equipment  geometry.  The  reactive  component  shows  no  disturbance,  probably  due  to  the  broadband 
nature  of  the  resistive  peak  (figure  16).' 

When  the  radial  wires  were  lengthened  to  50  ft  the  resistive  peak  was  moved  down  in  frequency  to  around 
5  MHz,  however  in  this  instance,  perhaps  due  to  rhe  extremely  dry  prevailing  ground  conditions,  the 
peak  appears  to  be  narrow  band  (figure  17).-  Further  increases  in  radial  length  to  100  ft  and  then  150  tt 

brought  the  pen*  down  to  around  2-5  and  2M1U  respectively  (figure  18  and  18).  goth  the  100  ft  ami  l‘>0t  t  radial 
systems  however  exhibited  multiple  peaks,  particularly  the  latter  system  which  was  laid  on  extremely  dry 
ground.  Reducing  the  number  of  100  ft  radials  from  six  to  four  resulted  in  the  same  peak  frequencies  but 
a  genera]  increase  in  resistance  (figure  20).- 

The  multiple  nature  of  these  peaks  and  rhe  close  relationship  between  radial  length  a-d  centre  frequency 
strongly  suggested  a  resonance  mechanism  associated  with  radial  length.  The  resonant  frequency  appeared 
to  correspond  to  the  n'/4  'free  space'  wavelength  on  the  line,  however  -lie  resonance  dearly  resulted  in  a 
high  impedance  transformation  characteristic  of  a  n'/2  resonance.  In  tact,  using  the  impedance  bridge, 
nX/4 

resonances  are  almost  impossible  to  detect  whereas  n'/2  resonances  arc  easy  to  discern  as  they  result 
in  a  high  series  impedance  in  the  aerial  system.  Befo.c  investigating  the  radial  resonance  phenomena  turther 
the  character.,  of  a  number  of  larger  ground  systems  are  presented.- 

In  an  attempt  Cc  reduce  the  effect  of  the  radial  resonances  short  and  long  radial  wires  were  interspersed 
and  figures  2 laud  22  show  that  the  resonances  are  considetably  reduced  in  amplitude.-  This  reduction  can 
also  be  effected  by  earthing  the  centre  common  point  or,  ptcferably,  the  end  of  each  radial  wire  as  can  be 
seen  in  figures  23und  24.  The  aerial  was  erected  over  a  12"  earthspike  dtiven  into  a  level  pebble  beach 
covered  by  2"  of  sea  water  and  figure  25  i 1 l'istrates  that  onlv  a  modest  general  imptevoment  was  obtained,  a 
fact  that  might  be  explained  by  the  distribution  ol  fertilizing  salts  over  the  home'  test  range.-  To 
confirm  that  the  increased  resistive  component  over  the  theoretical  predicted  radiation  resistance  was 
ir.  facr  almost  entirely  due  to  losses  in  the  ground  system,  the  whip  was  mounted  over  the  largest  metal 
groundplane  available  -  an  aluminium  sheet  300'  by  80'  by  50  thou  thick.  The  resistance  now  fall1,  very 
rapidly,  following  the  radiation  resistance,  with  decreasing  frequency  (figure  26'  however  the  finite  size 
of  the  ground  system  can  still  be  detected  by  the  rise  in  resistance  at  the  lowest  ftequencies  me.,sured.- 
The  measured  resistance  around  12  MHz  is  slightly  less  than  tuat  predict’d  lor  the  radiation  resistance 
which  may  be  due  to  the  influenve  of  the  operator  or  1 imi  t.*t  ions  in  the  absolute  accuracy  ol  the 
measurement. 

Even  disregarding  rhe  resonance  effects  there  is  little  genetal  improvement  sluwn  by  the  extended  ground 
systems  (except  perhaps  at  the  lowest  frequencies)  apart  from  the  large  metal  sheet.-  In  fact  the  b  it 
aluminium  sheet  is  still  very  competitive. 

3.  RADIAL  RESONANCES 

The  current  standing  wave  pattern  was  plotted  along  a  resonant  radial  wire  cent  i ri.-ing  the  tcsonances  to  he 
functions  of  n*/2  (figure  27).-  On  a  suggestion  by  Janies  Wait  an  outer  wire  ’  inp  was  placed  over  bet 

disconnected  from  the  ends  of  the  radial  wires  but  figure  28  shows  no  appreciable  modi  1 icat ion  to  the  gtoutul 

system  performance,  however  when  the  ends  of  the  radial  wires  were  linked  to  the  outer  wire  circle  tlw 
resonance  cropped  in  frequency  (figure  29).-  When  four  symmetrical  radials  were  end-linked  in  a  square,  the  teso- 
nance  dropped  still  further  (figure  30).-  An  examination  oi  the  current  stand  rig  wave  at  resonance  coni  timed  the 
resonance  ncchanism  shown  in  figure  31.  Although  the  resonant  frequency  dropped,  thc-o  was  1 1 1 1  le-  apparent 
improvement  ic.  performance,  probably  doe  to  the  end-linking  wires  not  being  parallel  to  the  return  earth 
currents.-  Measuiir-onts  on  two  spiral  ground  systems  ptoviding  a  large  amount  of  conductor  pctpendicul.tr  to 
the  return  earth  currents  clearly  demonstrate  the  necessity  for  continuous  radial  conductors  -  it  is  not 
purely  the  amount  of  good  conductor  in  the  vicinity  ol  the  aerial  base,  figures  32  and  33..  where  the  general 
resistance  characteristic  is  very  close  to  that  of  a  simple  earthspiki  .  The  low  ftcqtteney  lesonames  appeal  to 

be  spi:  tl  mode  resonances  and  ere  again  reduced  in  amplitude  when  the  t  omn-on  point  is  eatthsd  tligmc  14)? 

The  n^/2  current  standing  waves  on  an  approximately  n'/4  'free  space*  wavelength  wite  indicates  that  the 
effective  phase  velocity  on  the  radials  has  been  reduced  by  a  factor  of  almost  exactly  two.  The  most  likolv 
cause  for  this  reduction  in  phase  velocity  appears  to  be  rhe  proximity  of  a  lossy  dielec  .ii  earth.; 

To  test  this  hypothesis  the  entire  aerial  system  (including  radials)  was  gradually  elevated  above  the  ground, 
thus  reducing  the  influence  if  the  adjacent  'dielectric*  half-space,  which  should  tesult  in  a  cot tesp, .tiling 
increase  in  phase  velocity  on  the  wires  and  hence  radial  resonant  frequency?  figure  35  demonstrates 
the  increase  in  rad-.-.'  resonant  frequency  as  a  function  ol  rhe  height  of  the  svstem  above'  gt-urnd.  It  can 
be  seen  that  the  resonant  frequency  corresponds  to  that  expected  from  'lire  space*  phase  vclo-itv  when  the 
system  was  5  tt  above  ground.;  It  is  interesting  to  note  that  as  the  height  ot  the  system  above  ground 
increases  there  's  a  corresponding  increase  in  resonant  Q,  and  that  the  rate  el  inctease  o!  phase  velocity 
decreases. 


Let  the  phase  vo.-  .city  on  a  wire  in  free  space  be  V0, 
tree  space  and  a  dielectric  medium  »  (earth!  then  the 


if  the  w t  re  is  t 
phase  ve!  n-itv 


hen  placed 
••educes  to 


the  intotta, e  he tween 


Ph’ 


2  V 
_ o 


and  if  the  wire  is  buried  s-une  distance  into  the  dielectric  medium  then  tt  re  lines  still  turthei  to:- 


ph" 


V 

o 
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The  50  ft  radial  system  w as  buried  l’’  underground  and  figure  36  shows  how  the  resonance  for  the  radials  on 
the  surface  at  around  4’9  MHz  has  been  reduced  further  in  frequency  to  around  1-75  MHz.  For  a  radial  wire 
inmersed  near  the  junction  of  two  media,  providing  the  dielectric  constant  of  the  second  (more  dense) 
medium  is  much  greater  than  that  of  the  firs,.,  the  effect  of  tre  first  medium  on  the  phase  velocity  will 
become  negligible  only  a  short  distance  into  the  second,  dense  medium  -  in  this  case,  the  earth.  The 
results  of  the  experiment  yield  an  effective  dielee'rie  constant  for  the  ground  of  about  32.;  An  independent 
measurement  of  the  effective  ground  dielectric'  constant  using  a  sealed  sample  substitution  method  gave  a 
value  of  between  30  -  34. 


Analysis  of  the  results  in  iigure  35  shows  the  phase  velocity  on  the  radial  wires  to  depend  upon 
height  above  or  below  the  inleiface  according  to  figure  37.  It  was  not  possible  to  confirm  the  value 
exactly  in  the  interface  uuo  to  ground  roughness  on  the  range.-  It  is  expected  that  this  curve  will  depend 
on  the  etfective  ground  dielectric'  properties  in  the  manner  illustrated  in  figure  38,  however  further  work 
is  required  to  verify  this.; 


This  phenomenon  raioes  the  possibility  of  providing  a  relatively  simple  method  for  determining  the  eftective 
dielectric  constant  of  the  ground  over  a  wide  range  of  radio  frequencies.  One  straight  forward  measurement 
to  determine  the  */2  resonant  frequency,  and  hence  phase  velocity,  on  a  shallow  buried  wire  -ppears  to  provide 
an  accurate  bulk  effect  value.; 


Relative  distant  field  intensity  comparisons  between  resonant  and  non-resonant  systems  were  conducted  to 
confirm  that  the  hign  impedance  nV2  radial  resonances  did  indeed  result  ir  a  reduction  in  radiated  power 
at  and  around  the  resonant  frequency.-  Several  systems  were  examined  and  igures  39  and  40  show  the 
distanc  field  intensities  for  two  systems  each  normalised  to  a  non-resonant  earthspike  system.  These 
measurements  illustrate  very  clearly  the  substantial  reductions  in  distant  field  intensity,  that  occurred 
around  the  radial  resonant  frequencies,  and  thus  in  system  efficiency.- 

When  the  predicted  relative  field  intensity  baseu  on  the  impedance  measurements  are  plotted  on  the  same 
graphs,  (figures  41  and  42'  then  the  close  correlation  between  the  base  impedance  measurements  and  the 
relative  distant  field  intensities  is  q.iic  evident,  establishing  base  impedance  comparisons  as  a  rapid 
and  useful  method  of  assessing  this  type  of  simple,  syntnetrical  groundplane.- 

During  the  measurements  on  elevated  systems  a  substantial  reduction  in  resistance  was  apparent  when  the 
system  was  lifted  clear  of  the  ground,  either  due  to  reduced  effective  ground  loss  or  to  modification  of 
the  radiation  characteristics  of  the  aerial  system  (figure  a3).:  t-roundwave  field  intensity  comparisons  ;  nown 
in  figuto  44,  where'  a  16  t>  radial  system  on  the  ground  is  compared  to  the  same  system  raised  6  It  away 
ftom  the  earth,  shows  quite  clearly  a  significant  improvement  in  radiated  field  intensity  tor  the 
elevated  system.  This  may  be  relevant  to  vehicular  mounted  system. 

4.  CONCLUSIONS 

This  practical  study  of  electrically  short  h.f.-  aeiials  has  provided  fresh  insight  into  their  behaviour 
in  a  field  environment ,  and  has  demonstrated  that 

-  Aerial  base  impedance  measurements  appear  to  provide  a  straight  forward  but  tapid  means 
for  the  evaluation  of  syimtictrical  aerial  systems. 

-  Small  ground  systems  can  provide  a  significant  improvement  over  a  simple  earthspike.  and 
are  competitive  with  laigor  radial  systems  when  wideband  operation  is  required.. 

-  Larger  ground  systems  may  provide  improved  narrow-hand  performances,  however  radial 
resonances  at  previously  unexpected  frequencies  can  give  rise  to  substantial  losses  of 
e  f  f  i  c  i  er  ey ., 

-  If  narrow-band  operation  is  ucsiieu  then  the  radials  should  he  designed  to  be  n'  '4  resonant, 
taking  into  account  the  phase  velocity  reduction  duo  to  the  proximity  ot  the  earth.; 

Small  elevated  radial  systems  appeared  to  exhibit  a  2  -  7  dR  groundwave  advantage  ovei  the 
same  system  on  the  ground. 

-  Radial  resonance  frequencies  can  be  predicted  easily  from  a  knowledge  of  the  eftective 
dielectric  constant  of  the  ground  and  the  system  geometry. 

-  A  straight  torward  measuiement  ot  the  ll\'2  resonant  frequency  ot  a  sh.il’  >w  hutted  *adial 
wire  can  ,  used  to  determine  the  effective  dieleettte'  constant  of  ground  at  ladio 
frequencies  with  minimal  mathematics. 
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RADIO-I.INK  COMPUTATIONS  OPTIMIZE  PATTERN  SHAPING  OF  SHORTWAVE  ANTENNAS 


A.  Stark 

Rohde  4  Schwarz 
Munich,  FRG 


SUMMARY 

The  reliability  of  a  radio  link  in  the  shortwave  range  depends  to  a  large  degree  on  the 
vertical  patterns  of  the  transmitting  and  receiving  antennas  that  are  used.;  The  information 
necessary  for  dimensle  ling  vertical  radiation  patterns  can  be  derived  by  computer  forecasts 
for  representative  HF  radio  links.  The  paper  shows  how  statistical  data  can  be  obtained 
from  forecast  printouts  to  produce  f requencydependent ,  optimized  values  for  the  elevation 
angles  of  the  radiation  maximum  and  for  the  vertical  beamwidths. 


Pour  kinds  of  antenna  that  are  important  m  everyday  use  are  then  examined  tc  sec  how 
suitable  the^  are  foi  applying  these  principles: 


al  Vertical  antennas,  e.g.  rod  or  whip  antennas,  offer  no  possibility  of  creating  tne 
vertical  patterns  m  the  desired  form. 

b)  Horizontal  dipoles,  through  appropriate  selection  of  the  height  above  ground,  can  be 
matched  very  well  to  the  requirements  of  wave  propagation.;  The,r  fixed  heiqht  above 
ground,  however,  means  that  a  compromise  has  to  be  made  as  regaras  the  requirements 
differing  with  frequency. 

c)  Vertical  logarithmic-periodic  antennas  permit  no  shaping  of  the  *  ■  because  of 

their  construction  with  vertical  radiators. 

d)  Horizontal  logarithmic-periodic  antennas  offer  ideal  possibi. the  elevation 

angle  for  maximum  radiation  plus  the  width  of  the  vertical  pait  very  accurately 

matched  by  correct  dimensioning  to  the  values  dictated  by  the  fi.-ju.  cy 


1 . 


INTRODUCTION 


The  vertical  patterns  of  transmitting  and  receiving  antennas  are  of  decisive  : mpo>-tance 
for  the  efficiency  of  a  shortwave  radio  link.  The  shaping  of  the  pattern  is  part  of  the 
development  phase  and  correctious  to  an  antenna  once  it  has  been  erected  are  only  possible 
-  if  at  all  -  at  the  expense  of  a  qood  deal  of  effort,  so  this  aspect  cf  the  design  of 
an  antenna  calls  for  special  care.- 


In  the  following  it  will  be  shown  how  sound  statistical  material  for  the  shaping  of  vertical 
patterns  is  derived  from  the  information  contained  in  Hr  forecasts.- 


A  marked  advantage  of  the  method  described  is  that  really  representative  data  can  be 
generated  and  compiled;  there  is  no  dependence  on  accidentally  available  information  that 
could  eas(ly  lead  to  over-assessment  of  special  cases.  That  which  would  exceed  the  realm 
of  possibility  for  normal  measurements,  is  possible  with  a  computer:  in  addition  to  times 
of  the  day  and  of  the  year,  the  complete  sun-spot  cycle  is  included,  and  radio  links  with 
distances  graded  simply  according  to  aspects  of  propagation  car  be  referred  to  m  different 
geographical  regions.  The  results  that  are  obtained  can  be  reproduced  at  any  time  and 
cannot  of  course  be  impaired  by  interference  or  instrumentation  problems. 

2  ..  ELEVATION- ANGLE  STATISTICS  FROM  HF  FORECASTS 

Standard  radio  forecasts  as  shown  in  Fig  la  (StSSmann,  P,,  1976)  reveal  no  information 
about  the  elevation  angles.  Detailed  computer  printouts  like  Fig  1b  and  1c,  however,  show 
the  elevation  angles  that  the  radio-link  computations  are  based  ^n.  The  three  blocks  of 
figures  in  Fig  1b  and  1c  -  bracketed  for  the  sake  of  cl«ncy  -  contain  the  data  that  are 
important  for  shaping  the  vertical  patterns: 

The  uppermost  block  shows  the  frequency  that  is  used..  The  middle  block  ANGIE  gives  the 
angle  of  elevation  assotiated  with  the  observed  transmission  path.  The  line  REL  indicates 
the  reliability  of  the  radio  link  for  the  particular  frequency..  One  c?"  at  once  see  which 
combination  of  elevatjo..  angle  and  frequency  leads  to  maximum  or  acceptable  reliabi_ity. 

These  data  apply  for  the  radio  link  studied  at  a  certain  time.  However,  since  the  best 
frequencies  as  well  as  the  height  of  the  layers  change  with  time  of  day  (SiiSmann,  P.,  1976). 
one  obtains  a  number  of  combinations  of  frequency  and  elevation  angle  for  a  24-hour  period. 
And  once  one  starts  to  consider  the  influence  of  time  of  the  year  ana  relative  sun-spot 
number,  it  becomes  clear  that  the  relationships  so  important  for  shaping  vertical  patterns 
-  even  for  a  fixed  radio  link  -  can  only  be  described  with  statistical  means 

Kith  a  shortwave  antenna  it  is  generally  necessary  to  cover  different  distances.  This,  plus 
the  need  for  designing  an  antenna  so  that  it  can  be  used  in  different  geograpnical  regions, 
means  an  expansion  of  the  statistical  material  that  is  required. 

Fig  2  shows  how,  i"  principle,  the  elevation  -  angle  statistics  that  are  derived  then 
appear.  If  one  emphasizes  general-purpose  use  of  an  antenna,  the  median  of  the  required 
elevation  angles  falls  -  as  is  to  be  expected  -  from  high-angle  radiation  in  the  lower 
portion  of  the  shortwave  range  aid  below  to  flat  radiation  at  the  higner  long-haul 
frequencies.  A  characteristic  feature  is  the  initially  slight  dropping  off  that  leads  to 
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maximum  alteration  of  elevation  angle  with  frequency  in  the  mid-band.  In  the  upper  portion 
of  the  shortwave  range  the  chance  in  the  median  value  with  increasing  frequency  then 
becomes  less.  The  width  of  the  angular  range  between  the  limiting  curves  entered  in 
Fig  2  -  the  lower  art}  upper  deciles  -  is  also  typical;  whereas  the  mid-band  frequencies 
exhibit  a  relatively  large  range  of  elevation  angles,  the  range  is  very  much  constricted 
at  higher  frequencies.  For  practical  purposes,  as  will  be  seen  later,  this  result  is 
by  no  means  undesirable. 

In  a  number  of  applications,  e.g.  with  rotatable  loganthmic-pei iodic  antennas  (Stark,  A., 
1976/1),  it  makes  sense  to  limit  the  frequency  range.  This  generally  then  also  means 
concentrating  on  particular  distances.  Fig  3  illustrates  an  example  for  the  preferred 
cove-age  of  medium-  to  long-haul  distances  m  round-the-clock  operation  with  the  inclusion 
of  shorter  distances  during  the  daylight  hours.  Fig  4a  shows  elevat ton-anqle  statistics 
for  a  case  such  as  this.  As  can  be  seen,  the  region  of  high-angle  radiation  was  suppressed 
m  this  case  by  placing  mere  emphasis  on  the  greater  distances 

3 .  Ff'OM  STATISTICS  TO  VERTICAL  PATTERNS 

No  matter  whether  an  application  calls  for  a  radio  link  over  any  distance  at  any  time  or 
is  tailored  to  a  special  range  of  distance,  one  always  obtai;  s  from  an  evaluation  of  radio 
forecasts  a  relationship  between  elevation  angle  and  frequency  that  looks,  in  principle, 
as  in  Fig  4a.  The  information  for  shaping  the  ver* ical  patterns  is  obtained  from  sections 
through  this  diagram  for  a  constant  frequency.  The  section  at  f.  entered  as  a  broken  line 
results  m  the  distribution  of  elevation  angles  m  Fig  4b. 

For  shaping  the  vertical  pattern  at  this  frequency  f.  one  proceeds  as  follows:  The  most 
frequently  occurring  elevation  angle  if'  is  chosen  as  the  angle  for  the  radiation  maximum.; 
The  quartile  values  from  Fig  4b  produce  angles  on  both  sides  of  the  maximum  at  which  a 
certain  drop  in  gam,  of  1  dB  for  example,  is  permissible.  The  decile  values  provide  two 
more  angles  at  which,  for  example,  a  drop  of  3  dB  as  against  the  maximum  is  practicable. 

This  is  shown  m  Fig  4c  and  one  can  see  how  an  ideal  pattern  can  be  sketched  for  this 
frequency. 

4 •  POTTING  INTO  PRACTICE 

In  the  following  four  different  antennas  that  are  presently  very  commonly  used  m  the 
shortwave  range  will  be  looked  at  to  see  how  suitable  they  are  for  implementing  the  derived 
pattern  requirements.. 

4.1 

The  vertical  radiation,  pattern  of  vertical  antennas  with  a  leight  of  h  i  */4,  e.g.-  the 
1.5-meter  high  active  rod  antenna  in  Fig  5a  (Stark,  A.,  1*77/1;  Stark,  A.,  Demmei,  F.,  '674), 
is  shown  in  Fig  5b.  Alteration  of  this  pattern  is  -  disregarding  the  conductivity  of  tb" 
ground  -  almost  impossible.  If  the  height  of  the  antenna  is  increased  to  more  than  x/4, 
one  obtains  the  more  strongly  dipped  vertical  patterns  of  Fig  5c.  Defined  matching  ot 
the  maximum  and  the  pattern  widths  to  elevation-angle  statistics  is  not  possible  with 
vertical  antennas.  It  can  be  seen  that  vertical  antennas,  besides  their  use  for  ground- 
wave  links,  are  only  suitable  for  long-haul  sky-wave  communications  if  omnidirectional 
characteristics  are  called  for  or  higher  antenn3  gain  can  be  forfeited.  The  fact  that 
the  region  of  greater  elevation  angles  cannot  be  covered  with  vertical  antennas  is  seen, 
among  other  things,  in  the  well-known  zone  of  silence  between  the  areas  of  ground  waves 
and  sky  waves.. 

4 . 2  d2ti2ontal_di poies 

The  vertical  patterns  of  horizontal  dipoles  alter  considerably  in  relation  to  the  height 
of  the  antenna  above  ground.  The  significance  of  this  kind  of  antenna  in  the  shortwave 
range  stems  from  the  fact  that  with  suitable  height  above  ground  the  dependence  on 
frequency  of  the  patterns  as  dictated  by  propagation  can  be  achieved  relatively  well.  As 
Fig  6a  shows,  heights  can  be  _ound  at  which  one  obtains  high-angle  radiation  m  the  lower 
portion  of  the  ..-pera  ting-frequency  r.  nge  and  a  smootn  transition  to  the  flatter  angles 
of  departure  needed  for  the  higher  frequencies. 

Horizontal  dipoles  are  thus  widely  used  in  shortwave  applications,  for  reception,  for 
instance,  in  the  form  of  active  antennas  (Stark,  A.-,  1977/1;  Stark,  A.,  Demmel,  F.,  1974), 
and  cabling  for  the  first  time  the  realization  of  electrically  short,  omnidirectional 
receiving  antennas  for  horizontal  polarization  as  shown  in  Fig  6b  (Stark,  A.,  1977/2; 

Stark,  A. ,  1979/1» , 

In  the  past  the  use  of  horizontal  dipoles  for  transmitting  purposes  was  often  frustrated 
by  the  fact  that  the  zntennas  were  of  large  dimensions  and  had  to  be  tigqed  between  two 
or  three  masts.  Fig  6c  illustrates  a  new  version,  for  transmitting  power  of  up  to  1  kU, 
that  surmounts  these  drawbacks  (Stark,  A.,  1978): 

This  new  horizontal  dipole  is  erected  on  a  single  supporting  mast,  meamnq  that  it  can  be 
employed  even  when  available  space  is  extremely  scarce.  This  design  was  made  possible 
by  the  low  overall  length  of  the  dipole  of  only  10  meters,  the  prerequisite  foi  this  being 
the  tuning  of  the  antenna  over  a  tuning  unit  integrated  into  the  feedpoint  of  the  dipole. 

As  a  result  of  the  low-loss  design  of  the  transforming  circuit  -  enabling  the  preprogramming 
of  any  six  frequencies  in  the  range  2  to  30  MHz  -  higher  degrees  of  efficiency  are 
attained,  despite  the  small  dimensions,  than  with  the  loaded  broadband  dual  ■  - — 
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26  meters  in  length  that  were  often  used  in  the  past  (Stark,  A.,  1979/2). 

4 .  i  i!SE5i£§i_l29SEii!!ii£ZB§£i23iS_5SSS3S3§ 

Being  extremely  broadband  directional  radiators,  logarithmic-periodic  (LP)  antennas  have 
attained  unusually  largo  significance  in  radio  and  radiomonitoring.  The  versions  for 
vertically  polarized  waves,  as  shown,  for  example,  in  Pig  7a  for  the  range  1.5  to  30  MHz, 
consist  of  monopoles  enabling  minimal  erection  heights.  The  vertical  patterns  result  from 
those  of  the  individual  vertical  antenna  according  to  -,.1  through  multiplication  by  a 
frequency-independent  mathematical  factor;  the  result  in  Fig  7b  therefore  shows,  apart 
from  the  unilateral  directional  effect,  the  same  principal  behaviour  as  the  verti  'al 
antennas  the  large  elevation  angles  that  could  not  be  reached  with  the  single  antenna 
element  cannot  be  covered  by  combining  to  form  an  LP  antenna  either  (Stark,  A.,  1977/3). 

The  differences  between  the  two  patterns  shown  in  Fig  7b  are  merely  a  result  of  the 
increase  in  the  attenuation  of  the  real  grourd  with  rising  frequency.  Shaping  the  varti :al 
patterns  after  the  derived  statistics  is  not  possible  with  vertical  antennas  for  general- 
purpose  use.  This  also  applies  to  vertical  LP  antennas  that  use  dipoles  as  individual 
radiators.  The  dipole  also  exhibits  a  null  in  the  direction  of  its  axis,  so  the  regions 
or  greater  elevation  angle  are  impractical  in  this  case  too.  Shaping  of  the  vertical  pattern 
according  to  frequency  i3  only  possible  for  the  very  small  elevation  argles,  meaning  a 
restriction  to  long-haul  radiocommunications. 

4 . 4  S2Ei52SS3i_i£93Ei£!35!i£r££Ei9^i£..3D£SD0§i 

For  understanding  the  excellent  possibilities  for  shaping  the  vertical  patterns  of  '■his 
category  of  antenna,  one  has  to  look  a  little  more  closely  at  the  way  in  which  logarithmic- 
periodic  radiators  work.  Fig  8  shows  the  familiar  arrangement  of  dipoles,  the  lengths  of 
which  and  the  intervals  between  them  obey  well-known  mathematical  principles  (Care.M,  R., 
1981;  Isbell,  D.E.,  1960).  When  looking  at  the  vertical  patterns  it  is  important  to 
note  that  only  a  group  of  a  few  radiators  is  effective  for  a  particular  frequency  within 
che  operating-frequency  range.  Such  a  group  of  generally  three  to  five  adjacent  dipoles 
is  limited  toward  the  rear  by  an  element  of  about  half  a  wavelength.  If  the  frequency  is 
increased,  the  effective  zone  shifts  in  the  direction  of  the  antenna  tip,  towards  shorter 
radiators. 

Fig  9a  illustrates  such  an  LP  antenna  arrangement;  the  intended  tip  of  the  antenna  is  at 
the  level  of  the  ground.  It  can  be  shown  that  the  height  above  ground  in  relation  to  the 
wavelength  is  always  constant;  at  the  lower  frequency  limit  f  the  dipole  with  a  i ingth 
of  L.  A/2  has  an  absolute  height  of  h1  above  c.ound,  i.e.  a  relative  -  referred  to 
the  operating  wavelength  -  height  above  ground  of,  for  example,  h./A,  *  0.25.  At  s 
frequency  that  is  twice  as  high,  f,  *  2£.  ,  the  effective  zone  will  be  found  to  ha\e 
shifted  to  a  dipole  of  half  the  lefigth  L*  cs  \,/2  =>  L./2.  This  dipole  is  at  a  he.ght 
above  ground  -  as  a  simple  geometrical  calculation  shows  -  that  is  exactly  half  of  h, ; 
referring  to  the  smaller  wavelength  A..,  one  therefore  has  again  the  same  relative  value 
of  h2/A2  =  0.25.  The  free-space  pattefns  of  LP  antennas  are  independent  of  frequency .  ^ne 
therefore  obtains  with  this  arrangement,  as  a  result  of  the  constant  relative  height 
above  ground,  vertical  patterns  as  m  Fig  9b  that  are  constant  over  the  entire  operating- 
frequency  range  if  the  antenna  is  regarded  as  being  above  an  ideally  conducting  plane.  If 
one  considers  the  damping  by  the  real  ground,  which  rises  with  frequency,  the  resu. t  is 
even  of  a  contrary  sense  to  the  behaviour  required  from  the  point  of  view  of  propagation; 
the  maximum  of  the  vertical  pattern  shif  s  with  increasing  frequency  to  somewhat  larger 
elevation  angles. 

Constant  vertical  patterns  with  horizontal  LP  antennas  can  be  achieved  in  the  manner 
described  with  little  effort;  however,  they  are  generally  contrary  to  the  requirements 
of  wave  propagation  and  cannot  lead  to  optimum  reliability  cf  a  radio  link. 

If  the  tip  of  the  logarithmic-periodic  structure  is  raised  from  the  ground  (Fig  10a),  the 
relative  height  above  ground  increases  with  frequency.  The  maximum  of  the  vertical  pattern 
is  thus  dropped  towards  higher  frequencies  and  the  width  of  the  pattern  decreases 
(Fig  10b).  The  correct  alteration  of  the  vertical  patterns  with  increasing  frequency  as 
regards  propagation  is  therefore  achieved.  Horizontal  LP  antennas  of  this  kind  (Fig  10c) 
are  somewhat  more  elaborate  than  what  was  described  beforehand  because  a  mast  at  voe 
antenna  tip  of  appreciable  height  is  called  for  (Stark,  A.,  1978).  However,  through 
optimization  of  the  structural  parameters  V  and  «£  and  of  the  height  above  ground,  vertical 
patterns  are  possible  with  this  arrangement  whose  dependence  on  frequency  corresponds 
exactly  to  the  requirements  of  the  elevation-angle  statistics  (Stark,  A- ,  1977/a). 

The  rotatable  LP  antenna  (Stark,  A.,  1976/1)  shown  in  Fig  11a  can  be  taken  as  an  example. 
With  an  operating-frequency  range  of  5  to  30  MHz  it  is  designed  primarily  for  medium-  and 
long-haul  links,  shorter  distances  upwards  of  about  200  km  being  possible  du-mg  the  day 
(Fig  3  1 .  The  shaping  of  the  vertical  patterns  was  therefore  based  on  the  eievati  jn-a;  gl ' 
statistics  shown  in  Fig  4a*  The  radiation  patterns  obtained  are  reproduced  in  Fig  11b 
These  show  that; 

a)  The  elevation  angles  of  the  maxima  for  all  frequencies  lie  exactly  at  the  50  % 
values  of  Fig  4a 

b)  The  pattern  widths  could  be  well  adapted  to  the  spacing  between  the  10  %  and  90  * 
curves  of  Fig  4a .  The  correspondinn  region  of  the  vertical  patterns,  s  shown  by 
broken  lines  in  Fig  1 1b. 
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These  radiation  patterns  apply  when  the  antenna  is  above  ideally  conducting  ground. 
Investigations  have  shown  that  the  alterations  of  the  elevation  angles  and  pattern  widths 
occurring  as  a  result  of  real  ground  conductivity  can  be  neglected  m  genuine  use 
(Stark,  A. ,  1976/2)  . 

5.  CONCLUSION 

For  achieving  high  reliability  of  a  shortwave  radio  link,  the  vertical  radiation  patterns 
of  transmitting  and  receiving  antennas  are  of  primary  importance.  It  is  shown  how 
statistical  information  can  be  derived  from  radio  forecasts  to  form  the  basis  of  vertical 
patterns  that  are  optimally  shaped  from  the  point  of  view  of  propagation. 

The  practicability  of  these  data  is  very  much  dependent  on  the  type  of  antenna  concerned: 
vertical  antennas  and  vertical  logarithmic-periodic  antennas  are  useful  solutions  for 
ground-wave  links  and  when  one  is  restricted  to  long-haul  traffic.  Their  vertical  patterns, 
however,  cannot  be  adapted  to  the  dependence  on  frequency,  dictated  by  propagation,  of  the 
angle  of  maximum  fire  and  the  pattern  width.  For  sky-wave  communications  over  short  and 
medium  distances,  horizontal  antennas  present  substantially  better  characteristics.  The 
horizontal  dipole  can  be  well  matched  to  the  conditions  of  transmission  by  being  at  a 
suitable  height  above  ground.  Its  limitations  are  to  be  found  in  the  constant  height  above 
ground  that  exists  for  all  frequencies,  this  calling  for  a  trade  off  between  the  differing 
requirements  according  to  frequency.  Horizontal  logarithmic-periodic  antennas  offer  ideal 
possibilities  for  shaping  vertical  patterns  in  line  with  propagation.  A  different  zone  of 
the  antenna  becomes  effective  depending  on  the  frequency,  so  within  certain  limits  it  is 
possible  to  select  the  best  height  above  ground  in  every  case.  By  combining  appropriate 
free-space  patterns  with  a  suitable  height  above  ground,  vertical  patterns  that  are 
optimally  shaped  from  the  point  of  view  of  propagation  can  be  achieved  throughout  the 
shortwave  range. 
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Fig.  1(a)  Standard  radio  forecast  for  the  HI  -range 
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DISCUSSION 


Comment  by  G.  May,  UK 

Whilst  agreeing  on  the  importance  of  the  elevation  angle  definition  of  the  horizontal  log  periodic  antenna  that  you 
have  described  I  would  like  to  emphasise  the  need  to  consider  azimuthal  directivity.  In  our  practice!  tests  we  find 
that  the  horizontal  log  periodic  antenna  that  we  US'*  for  aircraft  communications  at  ranges  of  200 0  km  is  quite 
inadequate  because  of  its  lack  of  directivity.  Our  Beverage  antenna  outperforms  the  horizontal  periodic  array. 

Author's  Comment 

1  agree  on  ihe  importance  of  azimuthal  directivity  &  signal-to-noise  ratio  is  propoicional  to  directivity  under  certain 
boundary  conditions.  So  on  antenna  with  20dB  directi  *ty  (e.g.  a  Beverage  antenna)  is  better  than  a  13dB  log. 
periodic  -  as  long  as  the  signal  is  arriving  exactly  from  that  direction  where  the  pattern  maximum  points  to.  Great 
circle  deviations,  however,  change  this  re  .uit  considerably.  Due  to  such  propagation  effects  a  signal  wilt  he  picked 
up  less  often  with  maximum  directivity  the  smaller  the  horizontal  beamw:dth  is.  For  a  certain  azimuthal  deviatior 
the  reduction  in  directivity  is  the  greater,  the  smaller  the  be  am  width  is.  So  we  soon  reach  an  angle  of  deviation 
where  the  reduced  directivity  of  the  Beverage  antenna  is  smaller  than  the  LP  directivity  that  is  less  affected  due  to 
broader  bcamwidth. 

Ihe  attached  sketch  gives  some  examples  from  the  research  work  that  we  have  carried  out  on  this  subject  (the 
propagation  dati  shown  are  taken  from  H.A.  Whale,  Radio  Research  Centre,  University  of  Auckland).  It  can  be 
seen  that  there  are  times  where  the  narrow  beam  antenna  outperforms  the  log  periodic,  but  there  are  also  times 
where  the  contrary  is  true.  A  compromise  between  directivity  and  availability  of  a  certain  *ignal-tc-noise  ratio  is 
therefore  needed.  Yaking  into  account  these  statistical  considerations  LP  an  tennis  have  proven  to  offer  increased 
availability  and  reliability  of  HF  links  also  at  several  places  for  aircraft  communication. 


T.  Elkins,  US 

The  ITS-78  Propagation  Prediction  program  produces  significant  elevation  angle  errors,  as  compared  to  accurate 
modelling  and  ray  tracing  techniques,  as  the  frequency  approaches  the  MUF.  Does  your  experience  support  this 
and  if  so,  have  your  found  a  reasonably  simple  solution? 

Author’s  Reply 

I  think  that  these  errors  do  not  affect  the  results  very  much  as  we  only  consider  the  frequency  with  the  highest 
reliability  whicu  often  occurs  considerably  below  the  MUF.  in  addition  a  safety  factor  can  be  used  by  which  the 
frequency  has  to  be  below  the  MUF  (this  safety  or  correction  factor  can  depend  on  several  parameters). 


D.  Scholz,  Ge 

The  primary  advantage  of  high  elevation  angle  pattern:  lies  in  the  preference  given  to  maximum  radiation  for  short 
and  medium  haul  sky-wave  communications.  The  question  aims  at  an  adverse  effect:  To  what  extent  it  can  be 
expected  that  a  certain  amount  of  radiation  from  far-distant  transmitters  is  suppressed? 

This  would  render  feasabie  the  manipulation  of  interference  potential  generated  in  undesired  or  irrelevant  distance 
ranges  -  an  interesting  aspect  from  frequency  management  and  a  military  point  of  view. 

Author's  Repiy 

This  is  a  very  interesting  aspect  of  correct  pattern  shaping  for  short  and  medium-haul  links  as  well  as  for  any  other 
distance  range.  When  pointing  the  vertical  pattern  to  elevation  angles  needed  for  a  certain  distance  ranee  we  reduce 
the  antenna  gain  in  unwanted  directions.  Therefore  interfering  signal  arriving  from  other  distance  ranges  are 
received  with  reduced  sensitivity.  To  what  extent  a  signal  is  suppressed  depends,  of  course,  on  the  deviation  from 
the  angle  of  maximum  fire  and  on  the  shaoe  of  the  pattern  and  therefore  on  the  operating  frequency,  but  lOdB  or 
more  can  be  achieved  in  many  cases.  Using  the  same  pattern  shaping  at  the  transmitting  station  may  reduce  the 
interfering  field  strength  in  addition  and  can  double  this  value. 

Furthermore  this  effect  is  also  very  useful  for  increasing  the  security  against  unwanted  radio  reconnaissance. 
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